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Abstract 
Process analytical technologies can improve product monitoring and process efficiency in 
pharmaceutical manufacturing. Passive vibration measurements were evaluated for their 
potential as a technique to monitor lubricant dispersal in a V-blender. An accelerometer was 
attached to the lid of a V-blender shell to measure vibrations from particle collisions. 
Lubricants formed a layer around the surface of particles, altering energy dissipation upon 
impact. With mixing, vibrational amplitudes approached a stable value indicating a mixing 
end-point. Mixing profiles were sensitive to changes in particle type, particle size and 
distribution, and lubricant concentrations for ideal particles and pharmaceutical granules. 
Axial loading configurations provided better mixing performance compared to radial 
configurations. An optimal fill level for effective convective mixing was determined through 
vibration measurements. Overall, this research demonstrated the potential of using passive 
vibration measurements as a monitoring technique for lubricant dispersal in pharmaceutical 
manufacturing to improve control and efficiency of the mixing process. 
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Summary for Lay Audience 
Prior to compression in tablet manufacturing, a lubricant is added and mixed in a V-blender 
to ensure the mixture is ejected from the tablet die smoothly. Mixing is conducted batch-wise 
and must be analyzed off line afterwards to ensure the mixture is uniform and will produce 
desired tablet properties, thereby a costly and time-consuming step within the manufacturing 
process. To improve process efficiency, inline monitoring methods using passive acoustic 
emissions or vibration measurements could be implemented. These methods are non-
destructive, non-invasive, and have a reduced capital cost compared to other monitoring 
techniques.  
An accelerometer was attached to the lid of a V-blender shell to measure vibrations from 
particle collisions. As particles tumbled, they impacted the lid of the V-shell transmitting a 
portion of energy into stress waves measured as vibrations by the sensor. When a lubricant 
was introduced, the lubricant formed a layer around the surface of particles, altering energy 
dissipation upon impact. With further mixing, the lubricant layer around the particles 
becomes more complete and uniform. Vibrational amplitudes then approached a stable value 
indicating a mixing end-point, allowing for the process to be monitored. Vibration 
measurements were sensitive to changes in particle type, particle size, and lubricant 
concentrations for ideal particles due to changes in momentum and energy transmission.  
Vibration measurements were investigated to determine the effect of loading configuration 
and fill level on lubricant mixing performance. Axial loading lubricant configurations 
provided better mixing performance compared to radial configurations due to inherent V-
blender mixing mechanisms. An optimal fill level for effective convective mixing was 
determined to be 21 – 23 vol %.  
Lubricant dispersal for pharmaceutical granules was monitored using vibration 
measurements. Granules required a much smaller mixing time than ideal particles due to 
differences in particle surface morphology. Mixing profiles were sensitive to particle size, 
lubricant concentration, and segregation effects in both signal amplitude and variation. 
Overall, this research demonstrated the potential of using passive vibration measurements as 
a monitoring technique for lubricant dispersal in pharmaceutical manufacturing to improve 
control and efficiency of the mixing process. 
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Chapter 1  
1 Introduction 
The pharmaceutical tablet manufacturing process consists of a variety of stages 
conducted batch-wise as shown in Figure 1.1, adapted from Aulton, 2002 (1). Samples 
must be withdrawn and tested offline extensively after each stage to ensure the product 
will comply with quality standards. If the sample does not meet the required 
specifications, the entire batch must be discarded, and the process begins anew. 
 
Figure 1.1: Schematic of a typical tablet manufacturing pathway 
In the final mixing stage, excipients are added to the granules such as binders, 
disintegrants, lubricants, antiadherents, and glidants (Figure 1.1); the focus of this 
research being on the addition of a lubricant. These excipients are added to prepare the 
mixture for tableting. This mixing step is critical to control as it is the last stage before 
tableting and can ultimately dictate final tablet properties.  Mixing must then be 
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monitored and controlled to ensure production of tablets with uniform weight and content 
uniformity, as well as consistent and reproducible properties. 
1.1 Lubricant Addition 
Prior to tablet compression, a lubricant is added to ensure the tablet is ejected from the 
press smoothly without sticking or breakage. The lubricant decreases friction between the 
tablet surface and the die wall reducing the ejection force. Two mechanisms exist in 
which lubricants affect tablet compression: liquid film lubrication and boundary 
lubrication (2,3). In liquid film lubrication, a liquid lubricant can form a continuous thin 
fluid layer in which the lubricant separates the tablet surface and the metal surface.  In 
boundary lubrication, lubricant particles often penetrate surface asperities forming non-
continuous and continuous layers between surfaces and interfaces of the excipients and 
the tablet die. Magnesium stearate is an FDA approved boundary lubricant and is used 
since it has a high lubricant efficiency, is inexpensive, and chemically stable (4). 
Magnesium stearate is a is a salt that contains two equivalents of stearate which is the 
anion of stearic acid and one magnesium cation. The magnesium cation group allows 
magnesium stearate particles to easily adsorb into surface asperities of particles before 
adhering to the surface of particles orienting in mono and multilayers (4,5). These layers 
result in a reduction of contact areas, reducing friction between particles and the tablet 
press allowing for the tablet to be ejected smoothly. Due to its large surface area, 
effective lubricant coatings are developed quickly giving magnesium stearate a high 
lubrication efficiency.  
Although necessary in tablet manufacturing, lubricant addition can negatively affect final 
tablet properties. Due to its hydrophobic nature, magnesium stearate has been known to 
negatively affect dissolution and disintegration time of tablets (6,7). In addition, as 
magnesium stearate reduces contact points and friction between particles, it also 
negatively affects tablet hardness (8-10). These effects are worsened with magnesium 
stearate concentration and mixing time as magnesium stearate becomes more 
incorporated into the mixture. Lubricant addition should then be optimized and monitored 
as magnesium stearate is effective and small amounts and is difficult to disrupt once 
adhered to the surface of particles (9,11).  
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1.2 Tumbling Mixers 
Lubricant addition is carried out primarily in tumbling mixers. Tumbling mixers are 
mounted on a rotating axle where particles mix due to gravity. Tumbling mixers can vary 
in their geometry where V-blenders are composed of two shells connected at angles 
between 75-90° and can differ in shell size. The V-blender is used since it is well 
established and provides effective mixing for lubricant dispersal but gentle mixing for 
fragile granules used in the tablet manufacturing process. As particles tumble in a V-
blender, there are two mixing mechanisms due to the inherent geometry of the V-blender 
as shown in Figure 1.2. One occurs from 0-180° of rotation where the mixer goes from an 
upright position to that of inverted. Here, mixing is dominated by a convective 
mechanism of particles being randomly distributed through free fall as they separate to 
each arm of the shell. The other phase occurs through 180-360° of rotation as the mixer 
goes from an inverted to an upright position. The particles converge at the bottom and 
only a fraction of the particles cross the axis of symmetry through axial dispersion. 
Therefore, mixing in a V-blender is much more effective in each arm of the shell than 
across the axis of symmetry (12-16). 
 
Figure 1.2: Schematic of a V-blender mixing mechanisms with axis of rotation 
Due to its inherent mixing mechanisms, mixing performance in a V-blender is affected by 
fill level, mixing time, rotation speed, and loading configuration (12-16). In addition, as 
the V-blender relies on gravity to provide effective mixing, trajectory segregation can 
occur depending on particle size, shape and surface morphology (17,18). Large 
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differences in particle size, density, and distribution width from the granulation stage 
cause heavier, more dense particles to fall faster within the mixer and separate from their 
smaller or lighter counterparts. Since lubricants improve flowability (5,11,19) mixtures 
are more susceptible to segregate during lubricant addition. These parameters could then 
have serious implications on lubricant addition in a V-blender and should be optimized 
and controlled to ensure effective lubricant dispersal. 
1.3 Process Monitoring 
1.3.1 Assessing Blend Homogeneity 
Once a lubricant is mixed, the homogeneity of the blend must first be assessed to ensure 
it meets product regulations. Samples are first withdrawn using a thief probe, consisting 
of two concentric tubes, with aligning holes depending upon if its an open or closed 
position. Upon insertion, the thief probe is rotated to align the sample ports on both tubes, 
a sample of powder flows into the cavity, and the probe is withdrawn. Once extracted, 
these samples are analyzed using destructive methods such as high-performance liquid 
chromatography (HPLC) and UV spectroscopy. These methods suffer from many 
drawbacks, which have been investigated and studied extensively (20-22). The insertion 
of the probe itself can disturb the bed leading to segregation, channeling, and introduce 
contamination. Multiple samples are then required at various positions throughout the bed 
to provide a representation of the entire blend, but again becomes error prone. These 
methods then become laborious, time consuming, and costly. As well, if the blend is 
found not to be uniform, the material is discarded, and the entire mixing process must be 
repeated. 
1.3.2 Process Analytical Technologies 
To monitor, control, and optimize pharmaceutical mixing processes, process analytical 
techniques (PAT) are being developed. PAT are systems that implement sensors to 
monitor and detect changes in real time in manufacturing processes with the aim of 
increasing product quality and efficiency while removing issues associated with 
extractive sampling (23). For mixing, PAT could determine mixing end-points in real 
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time, resulting in fewer rejected batches allowing for better control and improved 
efficiency of the manufacturing process. 
PAT to determine uniformity and homogeneity within mixing that have been studied 
extensively include near infrared spectroscopy (NIR), Raman spectroscopy, magnetic 
nuclear resonance imaging (MRI), and radioactive tracers. Chapter 2 will provide an in-
depth review of the development and applications of PAT in mixing. 
1.4 Passive Vibration Measurements 
The focus of this research is the development of passive vibration measurements or 
acoustic emissions to monitor lubricant addition in tablet manufacturing. Passive 
vibrations offer many advantages over other PATs as they are completely non-invasive, 
non-destructive, and have a lower capital cost compared to other methods (24). 
Due to sudden localized changes in stress, energy in the form of vibrational waves are 
generated, transmitted, and received as they propagate through matter (25). In tumbling 
mixers, vibrations are created from the transfer of energy between particle-particle 
collisions, particle-equipment collisions, and equipment noise (26). Monitoring mixing 
using passive vibration measurements refers to the differences in measured signal 
amplitudes from a heterogeneous state to a homogenous state.  
Crouter and Briens (27) assessed the feasibility of passive vibration measurements to 
monitor lubricant addition for sugar spheres and pharmaceutical granules. Measured 
signals changed as the lubricant was dispersed. Some of the mixing profiles showed 
significant scatter making it difficult to extract important information about the mixing. 
The measurements showed potential to monitor mixing, but more research and 
development was clearly needed. 
1.4.1 Sensors 
In this research, vibrations were measured using an ICP (Integrated Circuit Piezoelectric) 
accelerometer manufactured by PCB Piezotronics. These sensors utilize the piezoelectric 
effect of quartz to generate an electrical output which is proportional to the applied force 
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on the accelerometer. The force applied to the sensor alters the alignment of positive and 
negative ions in the quartz. The applied acceleration results in a charge separation in 
which ions accumulate on an electrode and are then transmitted to a signal conditioner 
(28). The accelerometer was affixed to the V-blender lid using adhesive wax. The lid was 
chosen as the mounting location as it allows for the transfer of the least attenuated and 
most distinct vibrations to the sensor based on the mixing mechanisms inherent within 
the V-blender (29). Adhesive wax was used for mounting as it provided the desired 
stiffness and minimal interference for the sensor while not requiring modification of 
existing equipment. 
1.4.2 Acquisition Frequency and Sampling Rate 
In this research, signal vibrations were captured within the audible range (20 – 20,000 
Hz) as frequency analysis outside this frequency range did not provide any identifiable 
trends in preliminary experiments (29). Signals measured from the accelerometer are a 
continuous analog signal, which must be converted to a digital format during computer 
processing. To prevent signal aliasing, the sampling rate required for the audible 
frequency range is 40,000 Hz based on the Nyquist theorem. The accelerometer had a 
range of 0.35 – 12,000 Hz and a sampling rate of 40,000 Hz was used.  
1.4.3 Signal Filtering 
Some noise in low frequency bands is attributed to equipment noise which must be 
filtered to extract valuable process data. A high-pass, 6 tap Daubechies level 12 wavelet 
decomposition filter was chosen (30) to remove emissions less than 3 Hz. A wavelet filter 
works by removing an approximation of the signal based on a sine wave. The filter 
decomposes the signal into components in the time-frequency domain. Using 
thresholding technique, wavelet components containing noise are removed. The original 
signal without noise is reconstructed using an inverse filter. The small portion of the 
signal that remains after filtering is due to the signal not being a perfect sine wave. Level 
12 decomposition was chosen as a balance between computing times without affecting 
the time or frequency encoded information.  
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1.5 Coefficient of Restitution 
To elucidate the energy transfer occurring in collisions within the tumbling V-blender, 
and consequently the measured vibrations by the accelerometer, a parameter, the 
coefficient of restitution (COR) was estimated and used in this research. The COR 
models particle collisions based on a variety of characteristics that affect the kinetic 
energy dissipated in a collision as governed by Newton’s law of restitution. It is 
measured as a ratio of the energy retained after a collision to that of pre-collision. When a 
collision becomes more elastic, that is most of the energy is retained after collision, the 
COR approaches one. Conversely, the COR becomes zero when all the energy is 
dissipated, and the collision is entirely inelastic. 
Particle collisions within a tumbling V-blender can be modelled by particle collisions 
with plates. Here, the COR is primarily dependent on the mechanism of energy dissipated 
within a collision based on material properties. Upon collision, energy from the particle is 
mainly dissipated through stress waves that propagate throughout the material. More 
minor forms include flexural wave propagation, air drag, and rotational velocity 
depending on environmental conditions. Ductile particles are more susceptible to undergo 
plastic deformation upon contact with the plate transferring much more energy than 
retained, resulting in a more inelastic collision and therefore a low COR. This is 
compared to harder, more elastic particles where much of the energy is retained by the 
particle, where the collision is more elastic resulting in a higher COR (31). This is true up 
until a certain threshold where a critical velocity is reached, and the material yields under 
stress. Heavier particles with increased density and size result in a lower COR as these 
particles possess a higher kinetic energy upon impact resulting in a larger contact 
deformation due to added mass. This is particularly important in thin plates as increased 
mass causes bending of the plate and flexural vibrations can propagate back and forth to 
the point of contact resulting in an additional energy loss and a lower COR (32,33).  
Similarly, with increasing impact velocity, because of the increased trajectory height, 
more energy is transferred to the plate than retained, causing a lower COR (32-34).  As 
well, with increasing impact angle, the COR decreases since less energy is transferred to 
the normal component of the collision allowing for an increased rebound in the tangential 
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component (34). The coefficient of restitution and inelasticity of collisions can be 
summarized by the inelasticity parameter, developed by Zener (35):  
𝑒 =  
𝜋
3
5
3
1
2
(
𝑟
2𝑡
)
2
(
𝑣0
𝑣′
)
1
5
(
𝜌𝑝𝑎
𝜌𝑝𝑙
)
3
5
(
𝐸𝑝𝑎
𝐸𝑝𝑎+𝐸𝑝𝑙
)
2
5
      (eq. 1.1) 
where r is the particle radius, t is the plate thickness, v0 is the incident velocity, v’ is the 
rebound velocity, ρpa is particle density, ρpl is plate density, and Epa and Epl are the elastic 
modulus of the particle and plate respectively. An increase in the inelasticity parameter 
corresponds to a more inelastic collision resulting in a lower COR. 
When lubricants adhere to the surface of particles, they affect the intrinsic properties of 
the particles such as the elastic modulus making collisions more inelastic. Additional 
energy dissipation occurs into the magnesium stearate layer where less energy is retained 
by the particle post collision resulting in a lower measured COR. With additional mixing, 
this layer becomes more developed in thickness and uniformity further dampening 
collisions resulting in an even lower energy dissipation and measured COR (36). 
Conventionally, the definition of the COR is measured by the ratio of the particle’s 
velocity after and before collision. From the laws of motion and momentum, the COR 
can also be represented by the ratio of the particle’s rebound height to the initial drop 
height. Similarly, the COR can be represented as the ratio of time between successive 
rebounds which can be measured by an accelerometer through vibrations caused by 
collisions (37). 
Therefore, the COR can effectively model energy transfer in a collision which can be 
measured by an accelerometer through vibrations produced from the energy transfer of 
the particles with the V-shell. Energy dissipated into the V-shell through vibrations are 
measured by the accelerometer, and the energy retained by the particle after collision is 
measured by the COR. An increase in parameters such as impact velocity and mass result 
in a lower COR and subsequently an increase in the vibrations measured as more energy 
is dissipated than retained by the particle. When magnesium stearate is added and mixed, 
energy is dissipated into the formed magnesium stearate layer than transmitted into the 
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V-shell lid or retained by the particle. Subsequently, both the COR and measured 
vibrations decrease. The COR is then an important parameter in modelling the energy 
transfer in a system and consequently modelling the vibrations measured based on mixing 
dynamics and changes in process parameters of a V-blender.  
1.6 Thesis Objectives and Overview 
Preliminary research demonstrated the feasibility of passive vibration measurements to 
monitor lubricant addition in a V-blender (27). Further work is required to understand 
how passive vibration measurements monitoring lubricant addition is affected by various 
process parameters and challenges to gain process knowledge leading toward industrial 
implementation. The objectives are addressed over the subsequent chapters as follows: 
Chapter 2 provides a summary of the development of PAT for mixing processes and the 
advantages and disadvantages of each. 
Chapter 3 uses vibration measurements to monitor lubricant addition in a V-blender for 
ideal particles of sugar spheres and glass beads of differing sizes mixed with increasing 
amounts of lubricant. Emphasis was put on understanding energy transfer, mixing 
mechanisms, and coating morphology in lubricant addition through the coefficient of 
restitution, flowability, and SEM images. 
Chapter 4 investigates the effect of inherent V-blender mixing limitations on the mixing 
performance of a lubricant through loading configuration and V-shell fill level. This was 
assessed by monitoring the process with vibration measurements of glass beads mixed 
with magnesium stearate. 
Chapter 5 applies the knowledge of previous chapters to monitor lubricant addition in a 
V-blender through passive vibration measurements for pharmaceutical granules. The 
effect of lubricant concentration, particle size, and segregation effects were determined 
and compared with glass beads as a model particle. 
Chapter 6 provides a general discussion and conclusions from this research with 
recommendations for future work. 
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Chapter 2  
2 Process Analytical Technologies (PAT) 
2.1 Introduction 
Mixing is a critical process step in tablet manufacturing to ensure proper blend 
homogeneity resulting in tablets with reproducible and desirable properties. This is 
particularly important for certain excipients and active pharmaceutical ingredients (API) 
including lubricants which are added in low concentrations, where proper uniformity is 
difficult to achieve (1). Lubricant mixing performance is a complex function between 
mixer and lubricant process parameters which negatively affect final tablet properties (2-
5). Strict and extensive validation testing is then required to ensure proper content 
uniformity before the sample can move to tableting.  
The Barr laboratories trial in 1993 (6) caused the Food and Drug Administration (FDA) 
to modify its policies on blend uniformity and sampling methods. However, limitations in 
current sampling techniques still exist due to sampling biases. Currently, blend 
homogeneity is assessed offline by first extracting samples with thief probes and 
analyzing through conventional spectroscopic techniques. However, this assessment 
suffers from drawbacks attributed to local segregation of pharmaceutical mixtures leading 
to errors within sampling. The insertion of the thief probe may cause channeling in which 
particles from upper layers are dragged into lower layers with further insertion depths of 
the probes (7). As well, upon sampling, larger particles in the mixture preferentially flow 
into the sampling cavity due to segregation (8). These mechanisms can lead to 
contamination and content variation, making it difficult to obtain representative samples 
(9). Therefore, sub-sampling and multiple samples at various points in the powder bed 
are required, making analysis costly and time consuming. Furthermore, current 
assessments can only ensure the homogeneity at single points in time. Mixtures can 
undergo further segregation with further handling, discharge, and transport leading to 
reduced final product quality.  
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To remove issues associated with extractive sampling, provide better control over 
processes through monitoring, process analytical technologies (PATs) have been 
developed for designing, analyzing, and controlling manufacturing through timely 
measurements during processing of critical quality and performance attributes with the 
goal of ensuring final product quality (10). There have been advances and growing 
interest in PAT due to initiatives put forth by regulated bodies such as the FDA 
introducing a framework and quality by design for PAT in 2004 (10) and more recently 
through published guidance of ICH Q13 Continuous Manufacturing of Drug Substances 
and Products and ICH Q14 Analytical Procedure Development which complement Q8-
Q11 (11). PAT include systems that implement sensors to monitor and detect changes 
real time in manufacturing processes. For mixing processes, PAT would allow for better 
monitoring and control resulting in fewer rejected batches and improve product quality.  
Many technologies have been investigated to evaluate the content uniformity and 
homogeneity of mixtures and identify an optimal mixing end-point. These technologies 
include spectroscopic, velocimetric, and tomographic process analytical technologies 
along with passive vibration measurements.  
2.2 Spectroscopic Techniques 
Spectroscopic techniques are based on the interaction of electromagnetic radiation with 
matter. Interaction of electromagnetic energy results in vibrations and frequencies of 
molecules due to absorption and emission of photons. Individual components resonate at 
unique wavelengths allowing for the identification of these components in a mixture. 
Near infrared spectroscopy (NIR) has been well established as a monitoring technique, 
with others including Raman spectroscopy and laser induced fluorescence (LIF). 
2.2.1 Near-Infrared Spectroscopy 
NIR utilizes the unique absorption of light in the infrared spectrum to identify 
components in a mixture and monitor mixing processes. When samples are irradiated 
with NIR light, some NIR light is absorbed by molecules, bringing them to a higher 
vibrational state. Vibrations can result in molecule stretching, compression, and bending 
between molecule bonds. NIR signal is then proportional to the degree of bending and 
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stretching based through the change in bond distance and angle (12). Based on 
composition, powders absorb and respond to NIR differently particularly powders with 
O-H, N-H, C-H, and S-H bonds (13). Therefore, NIR produces large amounts of 
overlapping, weak absorbance spectral data which require pre-treatment and extensive 
analysis to extract useful information to be implemented as a potential monitoring 
technique to assess homogeneity in mixing processes (14). NIR for the monitoring of 
mixing has been studied extensively for various types of mixers. Table 2.1 summarizes 
NIR monitoring in tumbling mixers, where various pre-processing and spectral analysis 
methods must be implemented to extract useful process information.  
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Table 2.1: NIR spectroscopy applications for tumbling mixing monitoring 
Reference API (s) Excipients Mixer Assessment 
parameter 
Pre-treatment 
Method 
Spectral 
Analysis 
Hailey et al. 
(15) 
API from Pfizer Lactose, maize starch Y-cone 
blender 
Homogeneity SNV, DT MBSD 
Sekulic et al. 
(16) 
Sodium benzoate Avicel, lactose, MgSt V-blender Homogeneity Dx2y MBSD 
Wargo and 
Drennen (17)  
Hydrochlorothiazi
de 
Croscarmellose sodium, 
lactose, sodium, MgSt 
Twin shell 
blender 
Homogeneity Dx2y BEST, PCA 
De Maesschalck 
et al. (18) 
API Aerosil, lactose, maize 
starch 
Tumbling 
blender 
Homogeneity Dx2y, SNV, 
DT 
Dissimilarity, 
MSD, PCA 
Sekulic et al. 
(19)  
API  Avicel, DCP, sodium 
glycolate, MgSt 
Flo-bin 
blender 
Homogeneity Dx2y, SNV, 
DT 
MBSD, 
Dissimilarity, 
PCA, SIMCA 
El-Hagrasy et 
al. (20)  
Salicylic acid Fast-Flo lactose V-blender Homogeneity Dx2y, SNV, 
MSC 
MBSD, PCA, 
SIMCA 
El-Hagrasy et 
al. (21) 
Salicylic acid Fast-Flo lactose V-blender Homogeneity Dx2y, SNV, 
MSC 
PCA 
El-Hagrasy et 
al. (22) 
Salicylic acid Fast-Flo lactose V-blender Homogeneity Dx2y SIMCA, PC-
MBEST 
El-Hagrasy and 
Drennen (23) 
Salicylic acid Fast-Flo lactose V-blender Homogeneity Dx2y PCR, PLS, 
MLR  
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Table 2.1 (continued) 
Reference API (s) Excipients Mixer Assessment 
Parameter 
Pre-treatment 
Method 
Spectral 
Analysis 
Shi et al. (24) Acetaminophen Avicel, lactose, MgSt Bin blender End-point S-G, SNV MBSD, PLS, 
RSD 
Liew et al. (25) Chlorpheniramine 
maleate  
Avicel, lactose, MgSt Bin blender Homogeneity SNV PLSR 
Sulub et al. (26) API Crospovidone, lactose, 
MCC 
Bin blender End-point Dx2y, S-G, 
SNV 
PLS 
Igne et al. (27) Acetaminophen Croscarmellose sodium, 
lactose, MCC, MgSt 
V-blender End-point S-G, SNV SIM PLISMA 
Jaumot et al. 
(28) 
Acetaminophen Croscarmellose sodium, 
lactose, MCC, MgSt 
V-blender Homogeneity 
end-point 
MSC ALS 
Bakri et al. (29) Naproxen Avicel, mannitol, MgSt, 
croscarmellose sodium 
Bin blender Homogeneity Dx2y, S-G, 
SNV 
PLS 
Besseling et al. 
(30) 
API Avicel, crospovidone, 
DCP, polyplasdone XL, 
silica, sodium 
bicarbonate, talc 
Tumbling 
blender 
Homogeneity 
end-point 
 S-G, SNV PLS 
Murayama et al. 
(31) 
Ascorbic acid MgSt, mannitol V-blender Homogeneity 
end-point 
Dx2y, S-G MBSD 
Sibik et al. (32) API Lactose, talc Bin blender End-point DT, S-G, 
SNV 
MBSD 
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Table 2.1 (continued) 
Reference API (s) Excipients Mixer Assessed 
Parameter 
Pre-treatment 
Method 
Spectral 
Analysis 
Tewari et al. 
(33) 
API Croscarmellose sodium, 
MgSt, mannitol 
V-blender End-point  PCR, PLS 
Lee et al. (34) Chlorpheniramine 
maleate 
Avicel, lactose Double 
cone 
blender 
Homogeneity  PLSR 
* MgSt magnesium stearate, MCC microcrystalline cellulose, DCP dibasic calcium phosphate, SNV standard normal variate, DT 
detrending, Dx2y second derivative, MSC multiplicative scatter correction, S-G Savitzky-Golay pre-treatment, MBSD moving block 
standard deviation, PLS partial least squares analysis,  RSD relative standard deviation, PLSR partial least squares regression, SIM 
PLISMA simple-to-use interactive self-modelling mixture analysis, ALS  alternating least squares, PCR principal component 
regression, MLR multiple linear regression, BEST  boot-strap error adjusted single sample technique, PC-MBEST  principle 
component modified BEST
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2.2.1.1 NIR Spectra Pre-treatment 
Variability in particle size distribution, packing density, shape, and morphology can 
result in detrimental light scattering (14). This unwanted variation results in additive, 
scaling, and shifting effects of the spectrum effectively masking process information. It is 
critical to select an appropriate pre-treatment method before spectral analysis. The most 
common methods used include derivatives, detrending, normalization, standard normal 
variate (SNV), and multiplicative scatter correction (MSC).  
MSC removes undesirable scattering effects through a linear regression of estimation 
coefficients of the additive and multiplicative contributions using a reference spectrum 
(35): 
𝑥𝑜𝑟𝑔 =  𝑏𝑜 + 𝑏𝑟𝑒𝑓,1 ∙  𝑥𝑟𝑒𝑓 + 𝑐       (eq 2.1) 
 where xorg is the original sample spectra, xref is the reference spectrum, b0 and bref,1 are 
scaling factors, and c is unmodelled part of the relation. Once estimation coefficients are 
obtained, MSC corrects the original signal: 
𝑥𝑐𝑜𝑟𝑟 =  
𝑥𝑜𝑟𝑔−𝑏𝑜
𝑏𝑟𝑒𝑓,1
         (eq. 2.2) 
where xcorr is the corrected spectral signal.  
SNV removes baseline contributions by scaling and centering spectra by subtracting the 
mean and dividing by the standard deviation of the entire spectra (36): 
𝑥𝑐𝑜𝑟𝑟 =  
𝑥𝑜𝑟𝑔− 𝑎0
𝑎1
         (eq. 2.3) 
a0 is the spectral mean, and a1 is the spectral standard deviation. Normalization differs 
from SNV in the fact it removes the scale, but the spectra is not shifted (a0 is set to zero). 
Spectral derivatives are applied to resolve peak overlap and enhance resolution. First 
derivatives remove added baselines in the signal, and second derivatives allow for the 
removal of both the baseline and linear drift between samples. However, derivatives 
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result in a reduction of signal to noise ratio and original spectral shape. To correct this, 
the Savitzky-Golay method (37) can be implemented which involves a smoothing step. A 
polynomial of varying degree is fitted to a window of raw data allowing for derivatives to 
be easily calculated.   
Detrending fits a low degree polynomial to all data points in a NIR spectrum and the 
corrected signal is the result of subtracting the polynomial fit from the original spectrum. 
Detrending is normally used complementary with SNV (14).  
NIR spectra pre-treatments are necessary to extract valuable process data, however, 
selection of the proper method is dependent on the application and processing 
capabilities. Higher degree fits and corrections reduce the signal to noise ratio and 
eliminate background signal more effectively, however, would introduce increased 
processing times.  
2.2.1.2 NIR Spectra Analysis 
Once pre-treated, NIR spectra are analyzed and visualized to show changes in 
homogeneity with mixing. Once the signal stabilizes over time, a mixing end-point can 
be identified. However, due to the abundance of data produced in NIR spectra, the 
appropriate method must be applied to best visualize and represent process data. Most 
common methods are dissimilarity, moving block standard deviation (MBSD), principal 
component analysis (PCA), and partial least squares (PLS), or variants that are modified 
to some extent.   
Dissimilarity is calculated by taking the normalized spectra during mixing and projecting 
them orthogonally onto a normalized target spectrum (38): 
𝐷𝑖𝑠𝑠𝑖 =  𝑥𝑖 − (𝑥𝑖 × 𝑡𝑖
𝑇)𝑡𝑖        (eq. 2.4) 
where xi is the measured normalized spectra during mixing and ti is the target spectra. 
The calculated dissimilarity plots are plotted against mixing time. The obtained profiles 
allow for identification of steady state mixing where homogeneity is uniform.  
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A MBSD calculates the standard deviation computes the standard deviation of each 
wavelength i for a set of n consecutively recorded spectra over a sliding window of 
specified length: 
 𝑆𝑖 =  √
∑ (𝑥𝑖𝑗− ?̅?𝑖)
2𝑛
𝑗=1
𝑛−1
         (eq. 2.5) 
Where xij is the absorbance at wavelength i in spectrum j, and ?̅?𝑖 is the mean absorbance 
for the n spectra at the same wavelength. The standard deviation of each window is then 
plotted with time until the profile reaches a plateau indicating uniform homogeneity and a 
mixing end-point. Moving standard deviations are advantageous over other methods in 
the fact that they do not require a reference spectrum (39). 
Multivariate analysis can be used as an analysis technique for NIR spectral data. PCA 
transforms a large matrix X of pretreated spectra data that has N rows of observations, 
with K columns of variables, into a lower dimensional matrix consisting of scores and 
loadings (T matrix) which retain maximal information about the variables. These 
observations can be projected onto a n-observation dimensional space and fitted to reveal 
information. For three measurements, it can be represented in a three-dimensional space. 
The observations are fitted with a line of best fit that minimizes the variance of the 
observation. Each data point is a 90° projection of this component, where scores 
represent the distance of each data point to the first component. A second component is 
perpendicular to the first, in which these two components form a plane in the three-
dimensional space. The distance of each data point to this plane is a measure of the 
residual errors (17). The score plot can be used to compare similarity of spectra. Score 
plots similar to one another and equally distributed, indicate that the mixture spectra is 
indistinguishable representing a uniform homogeneity.  
PLS extends PCA to incorporate a Y matrix of outcome or calibration data. The Y matrix 
is used to define other components known as u-scores (U matrix). The conventional 
scores in PCA are used to predict the u-scores which predict the response variable Y. For 
PLS, the covariance of the scores in the X and Y space is maximized to provide the 
greatest possible relation between each variable (23). Once again, second components are 
22 
 
obtained forming a plane providing score information on the relation between matrix X 
and Y.  
2.2.1.3 NIR Disadvantages 
NIR spectroscopy has been well established as a monitoring technique for mixing 
processes, however, is still limited by some disadvantages. NIR spectra require extensive 
pre and post-processing treatment making interpretation of data more difficult and 
increasing processing time. As well, NIR would require modifications to equipment as 
windows or ports are required for measurements by the sensor. Modifications would then 
increase costs and regulatory steps. Finally, the probe tip, sensor window or port must be 
clear to provide accurate measurements, which is difficult to control particularly in tablet 
manufacturing mixing when dealing with fine, cohesive, powders. 
2.2.2 Raman Spectroscopy 
Raman spectroscopy utilizes the polarizability of particles that result in different 
excitation levels of emitted photons when particles are exposed to monochromatic light. 
When exposed to monochromatic light, light is primarily scattered elastically in a sample, 
where the energy of the emitted proton, and therefore the frequency, is the same as the 
incident light. This is known as Rayleigh scattering. However, a very small fraction of 
the scattered light results in emitted protons that differ in frequency and energy. When 
monochromatic light interacts with particles, electrons absorb or release energy from 
incident photons changing the virtual energy state of the electron for a finite amount of 
time until photons are emitted at different frequencies and energies, resulting in the 
electron returning to a different energy state than the initial (40). Stokes lines occur when 
the electron absorbs energy and the frequency of the scattered photon is greater than that 
of the incident. Conversely, Anti-Stokes lines occur when electrons release energy and 
the frequency of the photon is less than that of the incident beam. These lines are 
represented by distinct peaks that are specific to the particle sampled. Raman 
spectroscopy can be then used to identify specific molecules and monitor differences in 
homogeneity as vibrational frequencies are specific to molecular composition.  
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Raman spectroscopy has been implemented for various pharmaceutical manufacturing 
processes including fluidization (41), granulation (42), coating (43,44) 
extrusion/spheronization (45), hot-melt extrusion (46), and freeze drying (47). However, 
only a few studies on mixing and determining end-point homogeneity have been 
conducted. Vergote et al. (48) utilized Raman spectroscopy to monitor mixing of a binary 
mixture of diltiazem pellets and paraffinic wax beads in a planetary mixer.  Large 
variations of the mean square of differences of spectra were seen until the signals reached 
a plateau indicating a mixing end-point which was confirmed by high-performance liquid 
chromatography. Hausman et al. (49) used Raman spectroscopy to determine the blend 
uniformity of low dose azimilide dihydrochloride in a pharmaceutical blend in a tumbling 
V-blender. Using principal component regression, De Beer et al. (50) evaluated the in-
line concentrations of the API ibuprofen in a pharmaceutical aqueous suspension.  De 
Beer et al. (51) employed Raman spectroscopy to monitor the blend homogeneity of 
diltiazem hydrochloride in a high shear powder mixing process.  A soft independent 
modelling of class analogy was developed to assess uniformity and identify mixing end-
points, confirmed by near-infrared measurements. Dallin et al. (52) identified mixing 
end-points of increasing amounts of aspirin in Avicel in a convective mixer. 
Like near-infrared spectroscopy, Raman spectroscopy suffers from the same 
disadvantages including requiring a window or a port into the mixing vessel and resulting 
fouling of the probe. Multiple measurements are then required for representative 
measurements making analysis more extensive. In addition, fluorescence can interfere 
and mask the Raman signals when certain materials allow for the complete absorption of 
the photon followed by emission (40). However, Raman spectroscopy has a greater 
chemical specificity over NIR and is useful in multi component mixtures since Raman 
produces strong individual peaks. 
2.3 Velocimetric Techniques 
Velocimetric techniques locate and track a tracer particle over time elucidating mixing 
dynamics. Tracers can include coloured particles in optical image analysis and 
radioactive tracers for positron emission particle tracking (PEPT). 
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2.3.1 Optical Image Analysis 
Image processing can be a non-invasive technique for monitoring mixing processes. 
Image processing utilizes the difference in colour contrast of particles to determine 
homogeneity throughout the duration of mixing to identify an end-point. Alternatively, 
particle contrast can allow for particles to act as tracers effectively monitoring mixing 
through tracking velocity profiles.  
In image analysis, a camera acts as a sensor to monitor mixing in which images are then 
analyzed through various image analysis software. Proper calibration (53) and selection 
of post-analysis (54) is crucial in the performance of image analysis as a monitoring 
technique. Chen and Yu (55) mixed Ti/SiO2 and C/SiO2 with mechanical vibration and 
hand-shaking and analyzed samples after mixing offline through image analysis in an 
optical microscope. A binary analysis was performed using thresholding which set darker 
Ti particles to a value of one, and lighter white silica to zero. Based on the uniformity of 
the produced binary values, a mixing efficiency was determined. This demonstrated the 
potential for image analysis to identify the homogeneity of a mixture. Bulent et al. (56) 
monitored the mixing of plaster with dyes inline through a modified impeller mixer with 
a viewing port. The grayscale intensity changed during mixing until a stable value was 
reached indicating a mixing end-point. The image of interest restricted viewing not 
providing a good representation of the entire mixture. Realpe and Velazquez (53) 
implemented better calibration by using PCA followed by PLS resulting in calibration 
spectrums of mean grey values that mimicked NIR spectra. Mixtures of lactose, starch, 
microcrystalline cellulose, and coloured dyes were monitored using the mean grey value. 
Mixing profiles were confirmed by NIR spectroscopy. Le Coent et al. (57) improved 
post-analysis through implementing a technique called the box counting method. An 
image is divided into boxes of a certain length and the fractal information is used to 
determine information on the degree of homogeneity. Box lengths are varied, and the 
fractal dimension is calculated several times. An erosion technique was then used to 
isolate data points to retain big objects, reducing data points, allowing for significant 
variation of the fractal dimension as a function of homogeneity. This method was applied 
to monitor the mixing of two powders of similar density and size, with one coloured in a 
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stirred vessel. Mixing efficiency was affected by stirring speed. Xiaoyan et al. (58) 
compared analysis methods variance and contact on the image analysis performance of 
monitoring white and red plastic beads in a rotary drum. Variance is similar to the box 
counting method, where images are divided into cells and the variance of coloured 
particle concentration is calculated and changes over time. Contact counts the interfaces 
of different components on pixel level, where if a mixture is well mixed contact 
interfaces are high. Both methods obtained appropriate mixing profiles, where contact 
improved accuracy but required more processing time. 
Image analysis has also been used to monitor mixing through particle tracing.  Remy et 
al. (58) monitored the mixing of clear and coloured glass beads in a glass vessel agitated 
by an impeller. Halogen light produced glares on glass beads allowing their velocity 
profiles to be traced by image analysis. Consecutive images of the flow field were taken, 
and average particle displacement vectors were calculated to monitor mixing. Mixing was 
affected by particle and vessel wall roughness, and impeller speed.  
Image analysis has demonstrated potential to monitor mixing processes non-invasively, 
however, is limited by disadvantages. Image analysis monitoring requires particles to be 
different colours. Most pharmaceutical mixes are composed of various white powders, 
restricting the use of image analysis to limited applications. As well, image analysis 
requires a transparent vessel or port to record images. This leads to modification of 
equipment resulting in higher costs. Furthermore, images are only taken at the port 
window or powder surface, in which measurements are not indicative of the entire 
powder composition. Multiple measurements at different locations may then be needed, 
but at the added cost of image equipment and vessel modification. Much like other 
monitoring techniques, better calibration and analysis methods provide more accurate 
measurements, but increase processing time. 
2.3.2 Radioactive Particle Tracers 
Positron emission particle tracking (PEPT) is a radioactive tracer technique that has been 
developed to study particle dynamics and flow. Radioactive tracers are composed of 
isotopes rich with proton rich nuclei which radioactively decay through beta positive 
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emission. When the emitted positron annihilates with an electron, 2 colinear gamma rays 
are emitted. Arrays of positron detectors along mixing vessels allow for the annihilation 
site to be estimated and tracked with time (59). Tracers are developed to closely match 
the particles in size and density to reflect the motion of the bulk mixture (60). As well, 
gamma radiation can penetrate relatively easy through most materials making it a non-
invasive method for monitoring.  
PEPT has been used to examine mixing dynamics. Portillo et al. (61) investigated the 
effect of impeller rotation speed, powder flow rate, powder cohesion, and residence time 
for mixing lactose in a continuous mixer using a radioactive tracer. Perrault et al. (62) 
assessed the potential of radioactive tracers as an inline monitoring method for the 
mixing of magnesium stearate into microcrystalline cellulose and lactose in a V-blender. 
Here, the magnesium stearate was used as the radioactive tracer by first being activated in 
a nuclear reactor. Mixing was found to be affected by both the mixer rotational speed and 
the pre-blend composition. 
Radioactive tracers can effectively be used to study mixing dynamics; however, the 
requirement of sensor arrays limits the scale of the technique to lab-development. As 
well, gamma radiation scattering can occur introducing error into measurements making 
the monitoring technique less accurate. Furthermore, as radioactive tracers can only 
indicate flow and mixing patterns, not content uniformity, prevents this technique to be 
used to monitor a mixing end-point.  
2.4 Tomographic Techniques 
Tomographic techniques utilize the information from the transmission and reflectance 
from the penetration of an energy wave to reconstruct image cross sections of a sample. 
The energy in Magnetic Resonance Imaging (MRI) comes from a magnetic field and X-
rays for X-ray computed tomography.  
2.4.1 Magnetic Resonance Imaging 
MRI utilizes specific frequencies of atomic nuclei which are influenced by magnetic 
fields. Atomic nuclei naturally possess a magnetic moment around a magnetic field. The 
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nuclei rotate and spin at unique frequencies, called the Larmor frequency, which is 
dependent on the strength of the magnetic field. Spatial variation within the magnetic 
field results in the nuclei to spin at different frequencies. Certain nuclei such as hydrogen 
resonate stronger compared to others (phosphorous and fluorine). MRI then uses the 
distribution of these signals as a function of frequency and relates it to the spatial 
distribution of the nuclei (63). At a given spatial resolution, a three-dimensional image 
can be produced in voxels (proportional to a pixel in a 2D image), each representing a 
sample within a mixture. This spatial variation allows for particles’ motion to be tracked 
subsequently detecting differences in mixture composition, which can be implemented as 
a monitoring method.  
Particles must first be ‘visible’ to MRI prior to capturing motion. As elements containing 
hydrogen produce stronger signals, studies primarily use particles containing oil, or are 
coated and doped externally. Hill et al. (64) rotated 1 mm MRI sensitive spherical pills 
with inert 3 mm plastic spheres in a drum to monitor segregation patterns. Not only was 
segregation dependent on rotation speed, mixing and segregation patterns were more 
complex compared to surface observations as revealed by MRI. Using a Turbula mixer, 
Sommier et al. (65) monitored mixing of sugar beads. A portion of sugar beads were first 
doped with silicon oil to be detected by MRI. For beads of the same size, a mixing end-
point was determined. In addition, it was found that mixing and segregation patterns were 
affected by rotation speed, bead size, and number of rotations. Porion et al. (66) further 
developed mixing and segregation mechanisms in a Turbula mixer using MRI. Poppy 
seeds with a high oil content and sugar spheres of different sizes were tumbled in the 
mixer and MRI images were affected by a variety of process parameters. Kawaguchi et 
al. (67) investigated segregation and mixing patterns in a rotating drum differing in 
geometry. Inert polystyrene and MRI visible vitamin E filled microcapsules were rotated 
in the drum and imaged. Mixing patterns within the drum were affected by drum 
geometry. Using a binary segregated mixture of melamine particles and capsules filled 
with oil, Hardy et al. (68) monitored the mixing process in a rotating drum through MRI. 
The images generated approached uniformity quickly indicating a mixing end-point. 
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As outlined by preliminary studies, there is potential for monitoring mixing processes 
through MRI. MRI is completely non-invasive, penetrates deep into samples, there is no 
preferred orientation for measurement, and requires no mechanical markers. However, 
monitoring with MRI suffers from multiple disadvantages. MRI requires ‘visible’ 
particles which may not be representative of particles in the process. To produce a 
measurable signal, particles should contain large amounts of protons, primarily done by 
having an internal or external oil content. External doping or coatings can negatively 
affect particle flowability and API content uniformity. MRI monitoring also limits the 
size of the mixing vessel. The size of the mixing vessel can only be as large as the size of 
the induced magnetic field to provide adequate penetration depth. In addition, MRI 
requires extensive signal analyses and expensive equipment. Finally, of the studies 
conducted, primarily binary mixtures of spherical, free flowing particles were used which 
are not representative of pharmaceutical mixing highlighting the limitations of MRI 
technology to the lab scale. 
2.4.2 X-Ray Computed Tomography 
X-rays have shown in preliminary investigations a potential to monitor mixing processes. 
X-rays utilize a higher form of electromagnetic energy which can past through most 
objects. X-rays are absorbed in varying amounts depending on the density and atomic 
number of the particle they pass through. This difference in absorbance allows for cross-
sectional images of samples to be constructed which can indicate the homogeneity of 
certain mixtures (69).  
Yang and Fu (70) investigated the effect of particle size and loading configuration on 
mixing performance of microcrystalline cellulose in a scaled down V-blender. 
Microcrystalline cellulose particles were labelled with lead (II) acetate trihydrate to 
increase microcrystalline cellulose particles’ radiological density due to its high X-ray 
attenuation coefficient. A linear correlation between the gray scale of X-ray cross-section 
images and percentage of lead impregnated particles was obtained indicating the degree 
of homogeneity. It was determined that large particles and layer-filled configurations led 
to better mixing than column-filled configurations. Chester et al. (69) investigated mixing 
in a double cone blender filled with pellets and spherical particles using X-ray 
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tomography. A portion of each batch was impregnated with molybdenum as ammonium 
heptamolybdate to increase particle X-ray visibility. Increased fill levels promoted 
segregation leading to poorer mixing. Better mixing performance was achieved for axial 
configurations compared to radial configurations. Liu et al. (71) studied the mixing of 
microcrystalline cellulose and starch granules in a rotating cylinder using synchrotron X-
ray computed microtomography. The synchrotron radiation results in higher intensity 
than traditional X-ray tomography. Mixing improved with increased rotation rate. 
Segregation increased with longer mixing time.  
X-ray tomography is a potential, fast, and non-destructive method to identify 
homogeneity. However, the application for monitoring mixing is limited. Monitoring 
mixing in real-time is difficult to achieve as the time required for a single scan is very 
long. As well, depending on particle composition, the particles may have to be doped to 
increase X-ray visibility. Finally, extensive and expensive equipment is required.  
2.5 Passive Vibration Measurements 
Due to sudden localized changes in stress, energy in the form of vibrational waves are 
generated, transmitted, and received as they propagate through matter (72). Waves 
propagate through media varying in direction from the energy source. Longitudinal 
waves travel parallel to the direction of the wave, while transverse waves propagate 
perpendicular to the energy source.  Longitudinal waves can exist in any phase, whereas 
transverse waves can only occur in solids. Rayleigh waves exist as a combination of 
longitudinal and transverse waves forming ellipses in surfaces of semi-infinite media 
(72).  
Waves can be characterized by their speed, frequency, wavelength, and amplitude. 
Frequency is the reciprocal of the time required for one complete cycle of a sinusoidal 
tone. Frequencies can be categorized based on their magnitude: below 20 Hz (infrasonic), 
between 20 – 20,000 Hz (audible), and above 20,000 Hz (ultrasonic) (73). The 
wavelength is the distance between successive crests or peaks of the same height in a 
wave. The speed at which waves propagate can be related to both the frequency and 
wavelength: 
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𝑐 =  𝜆ƒ          (eq. 2.6) 
where c is the speed, λ is the wavelength, and ƒ is the frequency of the wave. The speed 
of the wave is also affected by the phase elasticity E (Bulk modulus in liquids, Young’s 
modulus in solids) and the density ρ of the medium in which the wave propagates: 
𝑐 =  √
𝐸
𝜌
          (eq 2.7) 
The amplitude of a wave is the maximum displacement of a wave measured from the 
equilibrium position. This is an important characteristic, as the energy from a vibrational 
wave is proportional to the square of the wave’s amplitude. When a vibrational wave 
moving in one fluid strikes the surface or interface of a different material, a portion of the 
energy is transmitted into the second material and a portion is reflected (74). Energy from 
the vibrational wave is dissipated or attenuated with changes in time and distance from 
the source. Attenuation is primarily caused by energy being converted into other forms of 
energy including heat, sound, and scattering. When waves encounter a discontinuity in a 
medium, they scatter in different directions than the incident wave (73). 
Passive vibration regarding monitoring is the measurement of vibrations created by the 
process itself. This is similar to passive acoustic emission monitoring, where acoustics is 
specific to vibrations created in the audible range as detected by the human ear, and 
vibration measurements is a more direct measure of energy dissipation and transmission 
at a point of interest at all frequencies. In mixing processes, acoustic emissions or 
vibration measurements results from particle-particle collisions, particle- equipment 
collisions, and equipment noise (75). The monitoring of these processes through passive 
vibration measurements and acoustic emissions refers to the differences in signal 
amplitudes from a heterogeneous state to a homogenous state.  
There have been limited studies conducted on acoustic emission and vibration 
measurements monitoring. Of the conducted research, much has been confined to 
convective mixers rather than tumbling mixers. Tily et al. (75) monitored the mixing of 
various powders in a Kenwood mixer. Root mean square values changed with further 
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mixing until a plateau was reached indicating a mixing end-point. Bellamy et al. (76) 
monitored mixing of cellulose and aspirin in a high shear blender using near infrared 
spectroscopy and acoustic emissions. Both methods identified mixing profiles, where 
acoustic mixing profiles were obtained over a range of frequencies in the power spectrum 
with time. Using the same technique, Allan et al. (77) used acoustic emissions to monitor 
the mixing of citric acid, aspirin, and Avicel in a convective blender. Mixing profiles 
were generated in real time, where acoustic emissions initially increased and reached a 
plateau as the mixture became homogenous. In a tumbling V-blender, Crouter and Briens 
(78) monitored lubricant dispersal onto sugar spheres and granule formulations. Mixing 
profiles were obtained, and mixing end-points determined.  
Passive vibration measurements or acoustic emissions monitoring has demonstrated 
potential to monitor mixing processes in both tumbling and convective mixers. This 
method is completely non-invasive and non-destructive as sensors are attached on the 
outside of the mixing vessel, and offer a lower equipment cost and setup compared to 
other inline monitoring methods. However, large volumes of data are produced 
increasing processing and analysis time to extract useful information. In addition, 
vibration measurements can be less sensitive than spectroscopic methods, as they do not 
directly measure chemical properties. Further refinement and development are therefore 
required to successfully implement vibration measurement mixing monitoring.  
2.6 Conclusions 
Mixing performance is crucial to control and monitor in pharmaceutical tablet 
manufacturing to ensure a proper content uniformity is achieved through identification of 
a mixing end-point. This is particularly important where excipients are added in small 
quantities including lubricants, where blending is difficult to achieve, and mixing process 
parameters can negatively affect final tablet properties. To remove issues associated with 
extractive sampling, process analytical technologies are being developed to monitor and 
control processes improving process efficiency. Many technologies have been used to 
evaluate mixing performance as summarized in Table 2.2 adapted from Crouter and 
Briens (79).
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Table 2.2: Summary of Process Analytical Technologies to evaluate mixing processes 
PAT Measured 
Parameter 
Application Advantages Disadvantages 
Near infrared 
Spectroscopy 
Absorption 
energy 
• Homogeneity 
• End-point 
• Composition 
• Online monitoring capability 
• Applicable for 
multicomponent mixtures 
• Modification of equipment 
• Difficult interpretation 
• Probe window fouling 
Raman Spectroscopy Scattered light • Homogeneity 
• End-point 
• Composition 
• Online monitoring capability  
• Applicable for 
multicomponent mixtures 
• Modification of equipment 
• Difficult interpretation 
• Probe window fouling 
• Susceptible to fluorescence 
Optical Image 
Analysis 
Colour • Homogeneity 
• Velocity profile 
• Low cost 
• Simple to use 
• Modification of equipment 
• Required component contrast 
• Sensor window fouling 
Radioactive Tracers Positron detection • Velocity profile • Non-invasive • Restricted to development 
• Limited to one component 
assessment  
Magnetic Resonance 
Imaging 
Magnetic Field • Homogeneity 
• Velocity profile 
• Non-invasive 
• 3D image 
• Expensive 
• Restricted to development 
• MRI sensitive particles 
required 
• Limited to one component 
assessment 
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Table 2.2 (continued) 
PAT Measured 
Parameter 
Application Advantages Disadvantages 
X-ray Computed 
Tomography 
X-ray • Homogeneity • Non-invasive 
• 3D image 
• Expensive 
• X-ray sensitive particles 
required 
• Real-time measurements not 
possible 
• Limited to one component 
assessment 
Vibration 
Measurements 
Vibrations and 
sound 
• Homogeneity 
• End-point 
• Non-invasive • Large volume of data 
• Not well developed 
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Chapter 3  
3 Monitoring Magnesium Stearate Blending in a V-
blender through Passive Vibration Measurements 
Publication status:  A version of this chapter was published online in AAPS 
PharmSciTech on July 26, 2019. 
3.1 Introduction 
Within the pharmaceutical industry, mixing is a crucial unit operation, particularly in 
tablet manufacturing. Prior to tableting, a lubricant is added to the blend, to ensure that 
tablet is ejected out of the die properly. These blends occur in batches, having to be 
stopped and tested through off line sampling after every batch to ensure that the blend is 
uniform, consistent, and will produce products with desired properties. Inline monitoring 
methods would improve process efficiency, accurately characterizing powder blends 
continuously and non-intrusively. 
Mixing is generally done in two types of mixers: convective and tumbling. Convective 
mixers rely upon an impeller to mix powders in a fixed vessel. Here, the impeller 
configuration and bowl geometry can be adapted to the application. Tumbling mixers rely 
upon gravity to cascade the powders through a vessel attached to a rotating axel, mainly 
differing in their shell geometry.  Tumbling mixers are primarily used for the last mixing 
step within the tablet manufacturing process due to their gentle mixing. As well, tumbling 
mixers have been shown to provide better mixing (1), ensuring that the blend is uniform 
(2-4), compared to other mixer configurations. 
Just before tableting, a lubricant, commonly magnesium stearate, is added to the powder 
mixture. The magnesium stearate first adsorbs onto the surface of the particles in the 
formulation. Then, shear from the mixing motion can induce delamination of the 
magnesium stearate particles, impacting the adsorbed film developing on the particles in 
the formulation (5). It has been hypothesized that lubricant particles first fill cavities in 
surface irregularities before forming a continuous layer (5,6), thereby reducing contact 
points and friction, allowing the tablet to be ejected cleanly from the press.  Although 
lubricants are necessary in the tableting process, there are many negative effects 
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associated with their use. High levels of magnesium stearate decrease tablet strength (7-
9) and increase tablet disintegration time (7). It is therefore critical to use the appropriate 
amount of lubricant, as well as accurately monitor the mixing process to ensure that 
tablets have desirable, reproduceable properties. 
The uniformity of powder blends is currently assessed by extracting samples offline using 
a thief probe, and then these samples are analyzed using conventional methods such as 
high-performance liquid chromatography (HPLC) and UV-spectroscopy. However, these 
methods suffer from many drawbacks, which have been investigated and studied 
extensively (10-12). The insertion of the probe itself can disturb the bed leading to 
segregation, channeling, and introduce contamination. Multiple samples are required at 
various positions throughout the bed to provide a representation of the entire blend, but 
again becomes error prone. These methods then become laborious, time consuming, and 
costly. As well, if the blend is found not to be uniform, the material is discarded, and the 
entire mixing process must be repeated. 
There has been a growing interest in inline monitoring methods to increase process 
efficiency, product quality, and consistency, eliminating the issues associated with offline 
sampling. Of the technologies investigated, the most prominent include near infrared 
spectroscopy (NIR) (13-15), Raman spectroscopy, (16-18), magnetic resonance imaging 
(MRI) (19-21), and radioactive tracers (5,22,23). Although these methods can 
characterize the powder bed effectively, there are multiple disadvantages. The methods 
require probes or window ports for the sensors to analyze data which become intrusive, 
adding additional components/modifying existing equipment, increasing cost. These 
technologies also require extensive processing capabilities to analyze data. Finally, the 
capital costs of the sensor and equipment required to record data is high. 
Acoustic emissions or vibration measurements during mixing can result from particle-
particle collisions, particle-equipment collisions, as well as equipment noise. The 
monitoring of mixing using acoustic emissions or vibrations refers to the differences in 
signal amplitudes from a heterogeneous state to a homogeneous state. This is primarily 
done through a sensor attached to the outside of the mixer, making it a non-invasive and 
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non-destructive method, with a decreased capital cost. Although data analysis is required, 
this is generally less complex compared to other inline monitoring methods. 
The coefficient of restitution (COR) effectively models the loss of kinetic energy in a 
collision through the ratio of the pre-collision energy to the energy retained after the 
collision. If the collision is completely elastic, this ratio approaches 1, where no energy is 
dissipated and transmitted to the sensor resulting in a small measured amplitude. 
Conversely, if the collision is perfectly inelastic, the COR is equal to zero, none of the 
energy is retained by the particle, as energy is dissipated with more transmitted to the 
sensor resulting in large measured vibration amplitudes. As well, if the impacting 
velocity is increased, more energy is transmitted to the sensor resulting in a lower COR 
(24-27). 
Most of the research monitoring mixing using acoustic emissions has been conducted on 
convective rather than tumbling mixers. Using a lab scale orbital mixer with a binary 
mixture, Tily et al. (28) identified that the primary source of acoustic emissions resulted 
from particle-wall collisions. The emissions transitioned from an initial to a final stable 
level, identifying the mixing endpoint. Bellamy et al. (13) compared NIR to acoustic 
emissions using a high shear blender to mix cellulose and a second component. Both 
methods were sensitive to particle size and could be used simultaneously to predict an 
endpoint. By using a convective mixer to mix aspirin and citric acid with Avicel, Allan et 
al. (29) found that acoustic signals increased with increased impeller speed, mass, 
density, and size. 
Crouter and Briens (30) studied mixing using a V-blender and sugar spheres, 
microcrystalline cellulose, and lactose. It was found that increasing the size and density 
of particles, increased the measured acoustic or vibration amplitudes due to increased 
kinetic energy transferred to the sensor upon impact. Similarly, increasing the fill level or 
decreasing the shell size decreased the signal amplitudes as the particles had lower 
impact velocities due to their shorter trajectories before collision with the equipment. 
Crouter and Briens were able to monitor the mixing of magnesium stearate into sugar 
spheres and granule formulations using acoustic emissions or vibrations (31). The 
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measured vibration profiles showed distinct changes with the addition of the magnesium 
stearate. Cameron and Briens further validated these findings by mixing magnesium 
stearate with glass beads. Mixing end-points and measured vibrational amplitudes were 
affected by fill level and magnesium stearate loading configuration due to mixing 
mechanisms within a V-blender (32). 
This study aims to further evaluate and determine the inline and real-time potential of 
vibration measurements to monitor the mixing of magnesium stearate into a mixture 
using a tumbling V-blender. The development of a method to monitor mixing inline and 
in real-time would improve production efficiency while ensuring a consistent, high 
quality product. 
3.2 Materials and Methods 
3.2.1 Particles 
The particles that were used in experimental trials included glass beads and sugar 
spheres. The particles and their properties are listed in Table 3.1. All particles were 
approximately spherical. The moisture content of the particles was determined using a 
Mettler-Toledo HG63 halogen moisture analyzer. All particle types and conditions 
reported a moisture content less than 2 % based on weight-loss drying at 105 °C.  In this 
study, magnesium stearate was chosen as the lubricant as it is widely used in the 
pharmaceutical industry because of its chemical stability and low cost. 
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Table 3.1: Particle properties 
Particle Size 
 
 
(mm) 
Bulk 
Density 
 
(g/cm3) 
Apparent 
Density 
 
(g/cm3) 
Average 
Mass of 
1 
Particle 
(mg) 
1 mm glass beads 1 1.49 2.5 2.3 
2 mm glass beads 2 1.49 2.5 12 
3 mm glass beads 3 1.49 2.5 39 
4 mm glass beads 4 1.49 2.5 86 
60 – 80 mesh sugar spheres 0.18 – 0.25 0.77 1.5 0.0078 
30 – 35 mesh sugar spheres 0.50 – 0.60 0.77 1.5 0.13 
20 – 25 mesh sugar spheres 0.71 – 0.85 0.77 1.5 0.37 
16 – 20 mesh sugar spheres 0.85 – 1.18 0.77 1.5 0.82 
14 – 18 mesh sugar spheres 1.00 – 1.40 0.77 1.5 1.5 
3.2.2 V-blender 
A Patterson-Kelley V-blender rotating at a fixed speed of 25 rpm with an 8 Qt (7.6 L) 
stainless steel shell was used for the trials. The V-shell was filled to 25 % of its volume 
with the specified particles. For mixing trials, magnesium stearate was added to the 
particles in varying amounts from 1-2 % by weight and distributed evenly on the top of 
the particle bed.  
3.2.3 Sensors and Data Acquisition System 
Vibrations were measured using a PCB Piezotronics accelerometer (model 353B34) with 
a frequency range of 0.35-12,000 Hz, combined with an ICP signal conditioner (model 
480E09) at an acquisition frequency of 40,000 Hz. Signals were captured using Labview 
8.5 with a National Instruments DAQ-6036E card.  The accelerometer was securely 
attached to the V-shell lid using adhesive wax at a radial position of r/R = 0.74 (Figure 
3.1). To focus on vibrations from particle interactions within the V-shell, the signals were 
filtered using a Daubechies wavelet filter (30).  
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Figure 3.1: V-blender with accelerometer location and axis of rotation 
3.2.4 Coefficient of Restitution (COR) 
The COR was estimated from drop tests of the particles onto the lid and normal to the 
surface of the V-blender with the accelerometer (Figure 3.2). Particles were dropped far 
away from the support to minimize the effect of the support on measurements (33). The 
drop height (H) was constant at 11.1 cm from the lid of 3.1 mm in thickness. The time 
between successive peak amplitudes as particles rebounded was used to determine the 
COR (24). Oblique drop tests were conducted at 60°, and vibrational amplitudes 
recorded. This was repeated for a total of 15 times, for each particle type and condition.  
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Figure 3.2: Schematic of apparatus used to measure the coefficient of restitution 
3.2.5 Flowability 
The flowability of the particulates was estimated using the avalanche time measured 
using the Revolution Powder Analyzer from Mercury Scientific. A sample size of 118 
cm3 was loaded into the sampling drum that had a diameter of 11 cm and a width of 3.5 
cm. The drum was rotated at 0.3 rpm until a total of 50 avalanches had occurred; an 
avalanche was defined as a rearrangement of more than 0.65 volume percent of the 
sample in the drum. Optical measurements of the powder surface were taken at a 
resolution of 648 x 488 at 60 frames per second. Software calculated the avalanche time 
from the optical measurements. Samples were measured in triplicate. 
3.2.6 SEM Imaging 
Scanning electron microscope (SEM) images of glass beads were taken using a Hitachi 
SU8230 Regulus Ultra-High-Resolution Scanning electron microscope. Glass beads were 
mounted on a plate using carbon adhesive discs before analysis. Images allowed for 
surface morphology of the beads to be examined to determine differences between 
magnesium stearate concentration and mixing time. 
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3.3 Results 
For each rotation within the blender, three features were observed in the filtered signals 
measured by the accelerometer (30) related to particle motion with each revolution of the 
mixer. Feature 1 is attributed to particles impacting the lid upon inversion of the mixer. 
Feature 2 arises from vibrations created when particles slide along the mixer walls and 
Feature 3 is produced when particles recombine and impact the bottom plate of the mixer 
(Figure 3.3). Representative features were obtained and reported by averaging the three 
largest amplitudes per feature per revolution.  Feature 1 showed the largest amplitudes 
which also increased with particle mass (Figure 3.4). The amplitudes of Features 2 and 3 
(not shown) were much smaller and did not show a consistent trend with particle mass. 
 
Figure 3.3: Filtered signal of 2 mm glass beads related to particle motion 
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Figure 3.4: Effect of particle mass on amplitude of Feature 1 vibrations 
Figure 3.5 summarizes the effect of mass on vibration amplitudes by comparing the 
amplitudes of heavier 1 mm glass beads with the lighter 16-20 mesh sugar spheres 
(average diameter of 1.02 mm). The feature amplitudes of glass beads were larger than 
that of the sugar spheres. Feature 1 showed the largest amplitudes and the largest 
difference between the two particles. 
 
Figure 3.5: Effect of density on amplitude of feature vibrations for 1 mm glass beads 
and 16 - 20 mesh sugar spheres; averages shown with ± 1 standard deviation 
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The particles were mixed with magnesium stearate. The vibrations were measured during 
mixing and the amplitudes of Feature 1 were calculated.  Figure 3.6 shows the effect of 
magnesium stearate on the measurements using the 16-20 mesh sugar spheres as an 
example. With mixing, the amplitudes decreased rapidly below the initial signal 
amplitude until a low relatively stable mixing plateau was achieved.  As more magnesium 
stearate was added, the signal amplitude decreased to a lower value and fewer V-shell 
revolutions were needed to reach an approximate low plateau. Similar trends in the 
amplitudes of Feature 1 were observed when magnesium stearate was mixed with the 
other sizes of sugar spheres. The revolution at which the amplitude became 
approximately constant was more easily identified for larger than 0.22 mm in diameter 
particles (0.01 mg in mass) and for larger additions of the magnesium stearate. 
 
Figure 3.6: Feature 1 vibration amplitudes at 1 wt % and 2 wt % magnesium 
stearate for 16 - 20 mesh sugar spheres; ± standard deviation 
The 14-18 mesh sugar spheres (average diameter of 1.2 mm) and 1 mm glass beads were 
each mixed with approximately 30 g of magnesium stearate. The vibrations were 
recorded during mixing and the amplitudes of Feature 1 were estimated. Figure 3.7 shows 
that for both particle types, the mixing plateaus were reached at approximately the same 
time, where the steady state amplitude for glass beads was slightly higher than sugar 
spheres. 
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Figure 3.7: Feature 1 vibration amplitudes of 1 mm glass beads and 14 - 18 mesh 
sugar spheres both mixed with approximately 30 g of magnesium stearate; ± 
standard deviation 
SEM images of the 2 mm glass beads were taken before and after 45 revolutions of 
mixing with increasing amounts of magnesium stearate. In addition, SEM images of the 1 
mm glass beads were taken at various times or shell revolutions during the mixing. The 
images showed that magnesium stearate flakes adhered to the surfaces of the particles 
(Figure 3.8). With increasing amounts of magnesium stearate, the coverage of the 
magnesium stearate on the particles became more uniform and complete. As only a 
maximum of 2 wt % magnesium stearate was added, a continuous layer was not formed. 
With increasing revolutions or mixing time, the magnesium stearate layer became more 
complete and uniform, until a continuous layer formed just beyond 10 revolutions as 
shown in Table 3.2. Glass beads were shown as an example for imaging as contrast 
allowed the magnesium stearate layer to be easily distinguished from the surface of the 
glass bead when compared to sugar spheres. However, similar layering of the magnesium 
stearate on the surfaces was observed for all particles.  
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a) 
 
 
 
 
b) 
 
 
 
 
c) 
 
Figure 3.8: SEM images of a glass bead before a) and after mixing with magnesium 
stearate at b) 1 and c) 2 wt %; 40 x magnification 
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Table 3.2: SEM images of 1 mm glass beads mixed with 1 wt % MgSt at different 
revolutions; 60 x magnification 
Revolution  
(#) 
SEM Image Observation 
 
 
 
0 
 
Surface of glass 
completely bare and 
smooth 
 
 
 
2 
 
Magnesium stearate 
particles begin to 
adhere to surface of 
glass bead 
 
 
 
5 
 
Magnesium stearate 
layer becomes more 
complete 
 
 
 
10 
 
Magnesium stearate 
almost completely 
covers surface of 
glass bead 
 
 
 
45 
 
Magnesium stearate 
layer is complete and 
uniform apart from 
exposed spots due to 
contact with other 
particles and 
surfaces 
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The COR was measured for both sugar spheres and glass beads, as shown in Figure 3.9. 
For the glass beads, the COR was approximately 0.7. The COR values for the sugar 
spheres were slightly lower than those of glass beads just below 0.6 and had high 
standard deviations; the standard deviation of the measurements increased as the size 
decreased as it became harder to pick up and release individual particles to complete the 
measurements. It was not possible to accurately measure values for particles with a mass 
less than 0.4 mg. 
 
Figure 3.9: Coefficient of restitution for unmixed particles by mass; averages shown 
with ± standard deviation 
The COR was measured again for particles mixed with magnesium stearate after 45 
revolutions. For the glass beads, the addition of 1 % MgSt decreased the COR to an 
average of 0.6 and then slightly lower with an increase in the amount of magnesium 
stearate from 1 to 2 wt % (Figure 3.10). The standard deviation of the measurements 
using glass beads mixed with magnesium stearate was high. For the sugar spheres, it 
appeared that the COR decreased slightly with the addition of MgSt. 
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a) 
 
 
 
 
 
 
 
b) 
 
Figure 3.10: Coefficient of restitution of a) sugar spheres and b) glass beads each 
mixed with 1 % and 2 % magnesium stearate by weight; averages shown with ± 1 
standard deviation 
The COR and the corresponding vibration measurements for individual drop tests were 
directly compared. For glass beads, as shown in Figure 3.11, the signal amplitude 
increased with particle mass, while the COR remained relatively constant. The error for 
signal amplitude also increased with particle size. Similar trends were obtained for the 
sugar spheres mixed with magnesium stearate (Figure 3.12). 
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Figure 3.11: Coefficient of restitution and Feature 1 vibration amplitude data for 
individual glass bead drop tests with 0 wt % and 2 wt % magnesium stearate 
 
Figure 3.12: Coefficient of restitution and Feature 1 vibration amplitude data for 
individual sugar sphere drop tests with 0 wt % and 2 wt % magnesium stearate 
Drop tests were performed with glass beads with an angled surface as shown in Figure 
3.13. The measured vibration amplitudes were significantly lower for collisions with an 
angled surface compared to collisions normal to the particle’s initial trajectory. The 
differences increased with particle mass, as did measurement error. 
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Figure 3.13: Effect of angle on Feature 1 signal amplitude for individual glass bead 
drop tests; averages shown with ± 1 standard deviation 
The flowability of the sugar spheres mixed with magnesium stearate was measured using 
the Revolution Powder Analyzer. Figure 3.14 shows that when magnesium stearate was 
added, flowability either worsened or improved depending on particle size. 
 
Figure 3.14: The effect of magnesium stearate addition on the flowability of sugar 
spheres 
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3.4 Discussion 
The signal amplitudes of the vibrations of Feature 1 were the largest of the three 
identified features. As the V-shell of the blender rotates, the particles tumble. As the V-
shell rotates to an upside-down position, the particles fall a relatively long distance and 
impact the lid at high velocities and corresponding high kinetic energies.  With the 
impact or collision, some of the energy remains with the particle allowing it to rebound to 
a certain height while the remaining energy is dissipated through plastic deformation and 
stress wave propagation. Critical velocities were not reached to exceed the yield stress of 
the particles and did not result in deformation. Stress waves, however, propagated 
through the lid creating vibrations that were measured by the accelerometer. As the 
transmission distance from impact to the accelerometer was short, attenuation of the 
vibrations was minimized, and the measured vibrations had relatively large amplitudes. 
The amplitudes of the vibrations of Feature 3 were also due to the particles falling within 
the blender V-shell and impact or collision with the bottom of the V-shell. The vibrations 
from particles impacting the bottom plate would have been relatively large. However, the 
vibrations measured by the accelerometer were small due to significant attenuation; the 
vibrations travelled through the plate attached to the shell by a rubber gasket and then up 
the sides of the shell before reaching the sensor on the lid. In addition, due to geometry of 
the V-shell, many particles would collide with the lower shell wall instead of the bottom 
plate. As shown in Figure 3.13, vibrations propagated following collision with an angled 
surface (such as the lower shell wall) are lower than those that would be propagated and 
measured following collision normal to the particle trajectory (as with collision with the 
lid or bottom plate). The energy dissipated therefore differed as the impact was not 
normal to the surface and the collision could also include some sliding or rolling 
component at the inclined surface. 
The amplitudes of Feature 2 were different from those of Features 1 and 3 due to particle 
motion. Vibrations of Feature 2 were due to sliding and rolling motion of the particles 
along the wall of the V-shell. With this motion, particles impact the shell, but at low 
velocities as the bulk motion impedes high individual particle velocities, and usually the 
impact is tangential to the surface. The energy dissipated through wave propagation is 
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therefore relatively low and is attenuated through the vessel wall before measured by the 
accelerometer attached to the lid. 
The amplitudes of the vibrations of Feature 1 were affected by the mass of the particles as 
varied through particle size and density (Figure 3.4). Kinetic energy is proportional to the 
mass of a particle. Therefore, particles with a larger mass either through size or density 
impacted the V-shell lid with higher energies resulting in more energy dissipated through 
vibrations which were measured by the accelerometer. 
Considering experimental errors, the coefficient of restitution was determined to be 
approximately constant with particle mass (Figure 3.9). The relative independence with 
mass was supported by literature. The Zener model uses intrinsic properties of the 
particles to estimate an inelasticity parameter in a model to estimate the coefficient of 
restitution (34). According to the Zener model, the estimated coefficient of restitution for 
glass beads colliding with a metal plate of 3.1 mm thickness as per the V-blender lid, 
would be approximately constant between 0.93 and 0.99 for the specified 1-4 mm particle 
diameter range. The measured values were lower than the theoretical values due to 
experimental errors and the idealistic conditions of the model which does not incorporate, 
for example, air drag and particle rotational velocity. 
Although the coefficient of restitution was determined to be approximately constant with 
particle mass, there was significant increase in measured vibrations with increasing 
particle mass (Figures 3.11 and 3.12). As the particle mass increased, the overall energy 
of the particle at the instant of the collision increased, but the ratio of the energy retained 
by the particle after collision to the energy dissipated changed; with increased energy 
levels, waves are more easily propagated through the lid (33), increasing the amplitude of 
the vibrations that were then measured by the sensor. 
Figures 3.6 shows that the measured amplitude of vibrations of Feature 1 decreased when 
magnesium stearate was mixed into the particles. The measured amplitudes decreased to 
about 12 mV with the addition of 1 % magnesium stearate regardless of particle size or 
density. The measured amplitudes further decreased to about 5 mV with the addition of 
more magnesium stearate at a concentration of 2 %. 
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The magnesium stearate particles adhere to the surface of the particles, as shown in the 
SEM images in Figure 3.8. This non-uniform layer alters the properties of the particles 
and collisions become more inelastic. When a particle mixed with magnesium stearate 
collides with the V-shell lid, some energy is now dissipated into the deformation of the 
magnesium stearate layer adhered on the particles; the energy retained by the particle 
remained about the same and therefore less energy dissipated through wave propagation 
resulting in smaller vibrations measured by the accelerometer. A comparison of Figures 
3.9 and 3.10 shows that the coefficient of restitution remained approximately constant 
with particle mass and with the addition of the magnesium stearate. Upon impact, the 
magnesium stearate particles would disperse in the adhered layer. As the magnesium 
stearate was increased to 2 wt %, the layer became more complete/uniform in the 
coverage of the particles; more energy is dissipated in deformation of the magnesium 
stearate layer resulting in even less energy dissipated through wave propagation as shown 
in Figures 3.11 and 3.12. 
Figure 3.6 shows that the measured amplitudes of Feature 1 vibrations decreased with the 
addition of magnesium stearate for the 16-20 mesh sugar spheres. At 1 wt % magnesium 
stearate, the measured amplitudes became constant at about 12 mV near 10 revolutions. 
At 2 wt % the magnesium stearate the amplitudes decreased to about 5 mV near 7 
revolutions. Preliminary experiments with coloured sugar spheres provided supporting 
visual observations: the point at which Feature 1 vibrations reached a plateau 
approximately corresponded to magnesium stearate flakes adhering to all of the particles 
and visually uniformly dispersed. The preliminary experiments and results were 
confirmed by SEM photos.  As shown with glass beads in Table 3.2, the magnesium 
stearate particles began to adhere to the particles, becoming more complete and uniform 
with mixing time until a continuous layer was formed just beyond 10 revolutions 
indicating a mixing end-point which corresponds to the vibration measurements. With 
further increases in mixing time, the magnesium stearate layer thickness is upheld 
through friction and contact between particles and particles with the V-shell. Beyond 10 
revolutions, the thickness of the magnesium stearate layer increases until the layer 
becomes more susceptible to shear and breakage through particle contact, resulting in the 
thickness of the layer being maintained as shown in Table 3.2 of a glass bead imaged at 
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45 revolutions. This corresponds to measured vibrational amplitudes being relatively 
stable beyond mixing endpoints. 
The number of revolutions required to mix magnesium stearate with the particles 
decreased as the amount of magnesium stearate increased. The increased number of 
magnesium stearate particles provided more contact opportunities with the sugar spheres 
or glass beads. Contact allows the magnesium stearate flakes to adhere to the other 
particles and then further contact combined with any shearing and delamination transfers 
magnesium stearate flakes to other particles. More contact opportunities therefore 
provide a higher dispersal rate of the magnesium stearate leading to shorter required 
mixing times. Figure 3.7 shows that the amplitude profiles were similar for mixing the 
same amount magnesium stearate with either 1 mm glass beads or 14-18 mesh sugar 
spheres (average diameter of 1.2 mm), with both particles reaching a plateau at 
approximately the same time. This can be attributed to the similar volume to surface ratio 
of the particles, where magnesium stearate flakes simply adhere to their surfaces; mixing 
performance of particles of the same size is similar regardless of mass. The differences in 
the plateau level of the signals can be attributed to the added mass of the glass particles 
compared to the sugar spheres; although thoroughly mixed with equal amounts of 
magnesium stearate, energy dissipated into the accelerometer upon collision is primarily 
due to the increased kinetic energy from the added mass rather than the adhered 
magnesium stearate layer. 
It has been proposed that as magnesium stearate is mixed into another powder that its 
flaky particles could continue to shear creating more particles to continue the layering 
around the primary powder particles. As this mechanism alters the magnesium stearate 
particulate layer around the primary powder particles, upon collisions, the energy 
dissipated into the coating layer would change. As a result, the energy dissipated through 
wave propagation measured as vibrations by the accelerometer would then change. 
Figure 3.6 shows that the measured amplitude did not change for the first 45 revolutions 
indicating that additional shearing leading to over mixing did not occur within this time. 
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The flowability of the particulates was measured to complement vibration measurements 
and visual observations (30). Figure 3.14 shows that for the sugar spheres, the differences 
in the flowability as measured by the avalanche time were very small; similar results 
were obtained for the glass beads.  Since the particles are approximately spherical, 
smooth, and free flowing, the effect of the magnesium stearate on flowability of the 
particles was not significant. Flowability affects particle motion, and therefore mixing 
performance, within a tumbling blender. The measured changes in vibrations therefore 
cannot be attributed to the flowability. 
3.5 Conclusions 
As particles tumble in a rotating V-blender, they collide with the V-shell. With a 
collision, some energy is retained by the particles while other energy is dissipated 
through plastic deformation and stress wave propagation. A sensor attached to the lid of 
the V-blender measured the vibrations created by the stress waves. These vibrations from 
collisions of the particles with the lid with the attached sensor provided information about 
the particles. The measured vibrations increased with particle mass, as varied through 
size and density, as the kinetic energy upon collision was higher. The vibrations were 
sensitive to the addition of magnesium stearate. Magnesium stearate flakes adhered to the 
surface of the primary particles thereby altering the surface and the dissipation of energy 
upon collision with the V-shell. The measured change in the dissipated vibrations 
allowed identification of the number of revolutions required to disperse the magnesium 
stearate into the primary particles. This preliminary study shows potential as an inline 
method to monitor mixing of magnesium stearate and identify an optimal mixing 
endpoint.  
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Chapter 4  
4 An Investigation of Magnesium Stearate Mixing 
Performance in a V-blender through Passive Vibration 
Measurements 
Publication status:  A version of this chapter was published online in AAPS 
PharmSciTech on May 24, 2019. 
4.1 Introduction 
The final mixing stage within tablet manufacturing consists of lubricant addition. 
Lubricants are added to ensure the mixture flows easily into the tablet press and is then 
cleanly ejected from the tablet die. To monitor this process, many process analytical 
technologies have been implemented to increase efficiency, product quality, and 
efficiency to correct issues associated with current off-line sampling methods. 
The mixers primarily used within pharmaceutical manufacturing are tumbling mixers, 
more specifically, the V-blender. Tumbling mixers are mounted on a rotating axis where 
particles tumble and mix due to gravity. Tumbling mixers can vary in their geometry 
where V-blenders are composed of two shells connected at angles between 75-90° and 
can differ in shell size. The V-blender is used since it is well established and provides 
effective, gentle mixing for fragile granules used in the tablet manufacturing process. 
The mixing performance of the V-blender is attributed to the mixing mechanisms that 
become apparent from revolutions that produce two distinct phases based on the 
geometry of the mixer itself. One occurs from 0-180° of rotation where the mixer goes 
from an upright position to that of inverted. Here, mixing is dominated by a convective 
mechanism of particles being randomly distributed through free fall as they separate to 
each arm of the shell. The other phase occurs through 180-360° of rotation as the mixer 
goes from an inverted to an upright position. The particles converge at the bottom and 
only a fraction of the particles cross the axis of symmetry. That is, mixing is much more 
effective in each arm of the shell than that between arms, where there is no inherent 
convective mixing mechanism across the axis of symmetry where the particles rely on 
axial dispersion due to the geometry of the mixer (1-5). Due to inherent limitations of the 
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mixing mechanisms of the V-blender, it is critical to optimize process parameters to 
allow for homogeneity to be achieved faster and increase the mixing performance of the 
blender. Homogeneity can be largely affected by agitation, rotation rate, fill level, mixing 
time, and loading profiles. Brone et al. (1,2) used a V-blender filled with mono sized red 
and white coloured spheres to determine the effects of perturbations, rotations rate, fill 
level, and number of revolutions have on mixing performance through image analysis. 
Mixing rate is increased as fill decreases, increases with mixing time, and as agitation is 
introduced or increased.  Using positron emission particle tracking technique, Kuo et al. 
(3) found that mixing performance in a V-blender was enhanced with increased rotational 
speed for 3 mm glass beads. Lemieux et al. (4,5) varied loading profiles for mono sized, 
spherical particles in a V-blender and found that top-bottom loadings are much more 
effective than that of left-right and right-left. These studies focused on the effect of 
process parameters for free-flowing particles, which would not be representative of the 
pharmaceutical mixing applications. 
Currently, blend homogeneity is assessed by first taking samples through a thief probe 
and then analyzed through destructive methods such as high-performance liquid 
chromatography and UV-spectroscopy. In the manufacturing process, this is laborious 
and time consuming and contributes significantly to the overall cost. A thief probe has 
been the primary sampling method for uniformity and researched extensively (6-8) but 
suffers drawbacks. The insertion of the probe can disturb the powder bed leading to 
segregation and channeling of the mixture, requiring multiple samples to be taken. It is 
only at this stage that if the mixture is not homogenous, the entire batch is discarded, and 
the process must begin again. 
In the final mixing stage, a lubricant is added to a mix to allow for easy flow into the 
tablet press as well as ensuring tablets are ejected out of the dies easily without any 
breakage. Magnesium stearate is primarily used as it is effective in low amounts (9), 
inexpensive, and stable. Lubricant dispersal as well as its effectiveness is primarily a 
function of flowability and shear forces during mixing. It has been proposed that 
magnesium stearate first fills surface irregularities within particles before forming a semi-
continuous layer (5,10). This in turn increases flowability by making particles more 
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regular in shape and smoother. The contact points between particles and the press are 
reduced allowing for the tablet to be ejected smoothly.  As well, lubricants are more 
effective for cohesive mixtures than for free-flowing particles (11).  Due to its coating 
mechanism, magnesium stearate can begin to form agglomerates and become more 
dispersed as mixing continues, negatively affecting tablet strength with increasing mixing 
time and lubricant concentration (12-14).  Shearing during mixing induces delamination 
of the magnesium stearate particles and impacts the adsorbed film developing on the 
excipient particles and can therefore have adverse effects the dissolution time (15). The 
link between the concentration of magnesium stearate and the mixing parameters on 
tablet properties are therefore difficult to determine as they rely on complex functions of 
flowability, shear, and lubricant properties. To ensure proper tablet properties, process 
parameters and the lubricant amount must be optimized and monitored. 
To assess uniformity of mixtures and to monitor processes continuously, research has 
been conducted to further the development of process analytical technologies (PAT) 
including near infrared spectroscopy (NIR) (16-18), Raman spectroscopy (19-21), 
magnetic nuclear resonance imaging (MRI) (22-24), and radioactive tracers (10,25,26). 
These technologies are intrusive as they normally require the insertion of probes or 
windows to analyze data. Due to the modification and higher cost of equipment, these 
technologies become expensive. As well, extensive processing capabilities are normally 
required to analyze data. 
Passive acoustic emission or vibration measurements address the issues associated with 
the other technologies as they are completely non-intrusive, not requiring any 
modification of existing equipment, and the sensors cost less than other monitoring 
methods. Acoustic emissions or vibrations within mixers can result from particle-particle 
and particle equipment collisions. The monitoring can include tracking signal amplitudes 
from an initial level to another stable level to indicate a mixing endpoint (27). It has been 
found that acoustic emissions are sensitive to a variety of changes within mixing 
processes. Bellamy et al. (16) mixed cellulose with secondary components in a high shear 
mixer monitored by both near infrared spectroscopy (NIR) and acoustic sensors. Both 
measurements were sensitive to particle size and can be used simultaneously to provide 
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monitoring of mixing processes. Allan et al (28) found that acoustic signals increased 
with particle size, mass, and impeller speed using a convective mixer to mix aspirin and 
citric acid with Avicel. Using a V-blender, Crouter and Briens (29) found that increasing 
particle size, shell size, and moisture, all increased the vibrations using sugar spheres. 
The applications documented in the literature are primarily confined to monitoring 
mixing processes in convective mixers with free-flowing particles, which are not always 
an accurate representation of tablet manufacturing mixing processes.  
There have been only a few studies involving lubricant addition monitoring while mixing 
in a V-blender. Using a radioactive tracer, Perrault et al. (10) monitored magnesium 
stearate addition in a V-blender with lactose. It was found that the pre-blend composition 
had more effect on mixing performance than the loading profile. Crouter and Briens (30) 
determined that lubricant monitoring is feasible using vibrations for granule formulations 
in a V-blender, where the signal changed rapidly until approaching a stable plateau 
indicating that the lubricant was well dispersed. Due to the lack of research and 
complexity of lubricant addition, further work is required to optimize and develop a non-
intrusive and inline method to monitor the process. 
The coefficient of restitution, an intrinsic material property to model collisions and 
subsequently the vibrations have been well established and investigated (31-33). The 
coefficient of restitution is a measure of the loss of the kinetic energy from a collision. It 
is presented as ratio, where a ratio of one represents a completely elastic collision. That 
is, no energy is dissipated and therefore no vibrations would be initiated within the V-
shell to be measured by the sensor. Conversely, a completely inelastic collision has a 
coefficient of restitution of zero, where the particle has no rebound, and all energy is 
dissipated. 
This study aims to determine the effect of magnesium stearate loading configuration and 
fill level in a V-blender on mixing performance through non-intrusive, inline monitoring 
using passive vibration measurements. The results obtained can then further elucidate the 
mixing dynamics within a V-blender as well as assessing homogeneity in real time, 
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thereby increasing process efficiency and circumventing the issues associated with 
current sampling and monitoring methods. 
4.2 Materials and Methods 
The particles used in the trials consisted of 2 mm, spherical, glass beads with an apparent 
particle density of 2.5 kg/m3. 
4.2.1 V-blender 
An 8 Qt stainless steel Patterson-Kelley V-blender rotating at a fixed speed of 25 rpm 
was used for all trials (Figure 4.1). The V-blender was run for 1-2 minutes, common 
within industry trials, corresponding to 25-50 revolutions. The V-shell was filled to 18-45 
% of its volume with the glass beads. Magnesium stearate was added corresponding to 2 
% by weight in Top-Bottom, Bottom-Top, Middle, Left-Side, and Right-Side loading 
configurations (Table 4.1), as evenly as possible ensuring uniform thickness between 
each trial. For radial loading configurations, magnesium stearate was added through the 
port in each corresponding arm as uniformly ensuring that no magnesium stearate crossed 
the axis. Trials were conducted in triplicate; however, one trial is shown for each 
condition as replicates were similar.  
 
Figure 4.1: V-blender with sensor location and axis of rotation 
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Table 4.1: Magnesium stearate loading configurations 
Configuration Schematic Configuration Schematic 
Legend 
 
3) Middle 
 
1) Top-Bottom 
 
4) Left-Side 
 
2) Bottom-Top 
 
5) Right-Side 
 
 
4.2.2 Sensor and Data Acquisition 
Vibrations were measured at an acquisition frequency of 40,000 Hz using a PCB 
Piezotronics accelerometer (model 353B34) with a frequency range of 0.35-12,000 Hz, 
combined with an ICP signal conditioner (model 480E09). The accelerometer was 
securely attached to V-shell lid at a radial position of r/R = 0.74 using adhesive wax 
(Figure 4.1). Signals were captured using Labview 8.5 with a National Instruments DAQ-
6036E card.  A multilevel wavelet decomposition filter was used to focus on vibrations 
from the particle interactions within the shell (29) to remove frequencies under 3 Hz 
without affecting the time or frequency coded information of the system. Code for a high-
pass, 6 tap Daubechies wavelet decomposition was based on Daubechies (34). Data was 
analyzed in MATLAB, where representative Feature 1 signals were obtained through 
averaging the three largest amplitudes per revolution. 
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4.2.3 Coefficient of Restitution (COR) 
Drop tests were used to estimate the COR. Glass beads were dropped onto the supported 
V-blender lid with the acoustic sensor attached.  Beads were dropped past the critical 
distance from the support to ensure accurate measurements (35). The beads were dropped 
from heights of 11.1, 5.6, and 2.8 cm onto the lid (3.1 mm in thickness) (Figure 4.2). The 
time between successive peak amplitudes as particles rebounded were used to determine 
the COR (36), repeated for a total of 15 times.  
 
Figure 4.2: Schematic of apparatus used to measure the coefficient of restitution 
4.2.4 Flowability 
The avalanche time was used as a flowability indicator and was measured using a 
Mercury Scientific Revolution Powder Analyzer. Sample sizes were 59, 88.5, 118, and 
147.5 cm3 corresponding to 5.5, 8.2, 10.9, and 13.6 % of the drum volume, or ranging 
from 50 to 125 % of the manufacturer’s recommended sample size. Samples were loaded 
into the sampling drum of 11 cm in diameter and a width of 3.5 cm. The drum was 
rotated at 0.3 rpm for a total of 50 avalanches occurred. An avalanche was defined as a 
rearrangement of more than 0.65 % by volume of the sample in the drum. Optical 
measurements of the powder surface were taken at a resolution of 648 x 488 at 60 frames 
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per second. Software calculated the avalanche time from the optical measurements. 
Samples were measured in triplicate. 
4.3 Results 
For particulates tumbling in a V-blender, three features have been observed during each 
revolution for the filtered vibration measurements: Feature 1 corresponds to vibrations 
created from particles impacting the lid of the V-shell, Feature 2 to particles flowing 
along the sides of the V-shell, and Feature 3 to particles impacting the bottom plate 
(Figure 4.3). Feature 1 showed the most information about particle properties and 
behaviour (29). Therefore, only Feature 1 vibrations will be shown in the results. To 
investigate the effect of fill level on particle behaviour within the V-shell, the glass beads 
were loaded into the V-shell at fill levels ranging from 18-45 % by volume. Figure 4.4 
shows the measured amplitudes of the vibrations of Feature 1 at the various fill levels. 
The amplitudes increased to a maximum at a fill level of about 21-23 % by volume and 
then decreased at higher fill levels. 
 
Figure 4.3: Filtered signal of 2 mm glass beads related to particle motion 
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Figure 4.4: Feature 1 signal amplitudes with increasing fill level; averages shown 
with ± 1 standard deviation 
Figure 4.5 shows both the coefficient of restitution and the signal amplitude measured 
from the drop experiments with increasing drop height. With increasing drop height, the 
coefficient of restitution decreased slightly while the signal amplitudes significantly 
increased.  
 
Figure 4.5: Coefficient of restitution for 2 mm glass beads at various drop heights; 
averages shown with ± 1 standard deviation 
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The avalanche time was measured using the Revolution Powder Analyzer to estimate 
flowability. The recommended sample size is 118 cm3 in the sampling drum of 1082 cm3 
or a fill level of approximately 11 % by volume. To simulate particulate tumbling and 
flow in the V-shell at various fill levels, the sampling drum was filled to different levels. 
Figure 4.6 shows that as the fill level increased, the avalanche time also increased 
indicating a decline in flow.  
 
Figure 4.6: Avalanche time for 2 mm glass beads with increasing sampling drum fill 
levels; averages shown with ± 1 standard deviation 
Magnesium stearate at 2 wt % was added in different loading configurations within the 
V-blender at a fixed total fill level of 23 % by volume (Figure 4.7). The measured 
amplitudes of Feature 1 of the signals was initially high and then decreased from 380 to 
about 20 mV with the addition and incorporation of the magnesium stearate into the 
mixture. As shown in Figure 4.7, the revolutions required to obtain a low and stable 
amplitude varied with loading configuration, from about 2 to 9 revolutions. 
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Figure 4.7: Mixing profiles of 2 mm glass beads mixed with 2 wt % MgSt in a) Top-
Bottom, b) Bottom-Top, c) Middle, d) Left-Side, and e) Right-side loading 
configurations; 23 vol % fill level, mixing end-points shown by dashed lines 
The effect of fill level for various loading configurations was also investigated. Figures 
4.8 and 4.9 show example results for the Right-Side loading and Top-Bottom loading 
configurations. For all configurations, as the fill level increased, the number of 
revolutions to achieve a low and approximately constant signal amplitude increased.  
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The effect of fill was largest when magnesium stearate was added in a Right-side 
configuration.  
 
Figure 4.8: Feature 1 amplitudes with increase fill level for 2 mm glass beads with 2 
wt % MgSt; Top-Bottom loading 
 
Figure 4.9: Feature 1 signal amplitudes with increase of fill level of 2 mm glass 
beads with 2 wt % MgSt; Right-Side loading configuration 
Figure 4.10 compares the Right-side and Top-Bottom loading configurations at a fill 
level of 43 % by volume. For the Top-Bottom loading, the signal amplitude reached a 
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low and approximately constant value by 8 revolutions, while more than 25 revolutions 
were required for the Right- side loading configuration.  
 
Figure 4.10: Feature 1 signal amplitudes for 2 mm glass beads with 2 wt % MgSt for 
Top-Bottom and Right-Side loading configurations; 43 % fill level 
4.4 Discussion 
The filtered signals presented in the results correspond to vibrations measured by the 
sensor as the particles impact the lid of the V-shell to which the sensor is attached 
(Feature 1 vibrations). As the V-shell rotates, the particles tumble within. As the V-shell 
is inverted, the particles move away from the wall and free fall the height of the V-shell 
and then collide with the lid, now at the bottom of the revolution path. 
The coefficient of restitution and the vibrations were measured with drop experiments. 
The beads were dropped from heights of 2.8, 5.6, and 11.1 cm. As these heights were 
lower than a critical height to reach terminal velocity, the beads had different velocities 
and therefore different kinetic energies upon collision with the lid. The theoretical 
velocities and kinetic energies were calculated to be 74, 100, and 150 cm/s and 3.3, 6.6, 
and 13.1 mJ. Upon collision, some of the energy remains with the bead, allowing it to 
rebound to a certain height; the retention of the energy by the bead is indicated by the 
coefficient of restitution. As shown in Figure 4.5, the measured coefficient of restitution 
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decreased with increasing kinetic energy. As the kinetic energy increases, more energy is 
dissipated through plastic deformation and stress wave propagation with less energy 
retained by the bead to rebound following the collision. Plastic deformation was minimal 
for clean glass beads within the test conditions. The stress waves are propagated through 
the lid and their amplitudes are measured by the sensor. Figure 4.5 indicated that as the 
drop height or kinetic energy of a bead increased, more energy became dissipated into 
stress wave propagation as indicated by the significant increase in their measured 
amplitudes from 62 mV to about 380 mV. 
Figure 4.4 shows that the measured amplitudes increased to a maximum fill level of 
about 21-23 % by volume and then decreased at higher fill levels. At low fill levels, there 
is a high probability that a glass bead will fall unimpeded the height of the V-shell as it is 
inverted before collision with the lid with the sensor attached; a relatively high kinetic 
energy is reached and dissipated into stress waves with measured high amplitudes. As the 
fill level is increased, the total number or mass of beads colliding with the lid increased, 
further increasing dissipated energy and measured amplitudes. There is a critical fill level 
of about 21- 23 % by volume. At this critical fill level, the number of beads within the V-
shell has increased such that a bead will now likely collide with another bead as it 
tumbles and falls, before colliding with the lid. The kinetic energy of a bead upon 
collision with the lid begins to decrease with corresponding lower dissipated, measured 
stress wave energy.  With further increases in fill level, a bead will collide with many 
other beads before collision with the lid and therefore the kinetic energy at collision and 
the amplitudes of stress waves measured by the sensor continue to decrease. 
Effective convective mixing relies on particles free falling within the V-shell to promote 
distribution. The results from Figure 4.4 indicated that an optimal fill level for convective 
mixing would be 21-23 % by volume. Lower fill levels would not be process efficient 
while higher fill levels start to impede the required particle motion for effective mixing. 
The movement or flowability of particles was further investigated by measuring the 
avalanche time using the Revolution Powder Analyzer. High avalanche times indicate 
poor flowability. As the fill volume of the sampling drum increased, the avalanche time 
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increased indicating a decline in flow. At high fill volumes, particles inhibit other particle 
flow as an individual particle does not free fall for long distances before collision with 
another particle. These independent measurements within the Revolution Analyzer 
support the conclusions from Figure 4.4. 
Figure 4.7 shows that the measured vibrations decreased when 2 wt % magnesium 
stearate was added. The magnesium stearate flakes adhere to the surface of the glass 
beads creating a layer. When a bead with magnesium stearate collides with the V-shell 
lid, some energy is dissipated into the deformation of the magnesium stearate layer. As a 
result, less energy is retained by the bead and less energy is dissipated through stress 
wave propagation resulting in lower amplitude vibrations measured by the sensor. 
The number of revolutions of the V-shell required to obtain approximately a low and 
stable measured amplitude varied with loading configuration of the magnesium stearate. 
For the three axial loading configurations, the required revolutions ranged from 4 to 6 
indicating very rapid mixing of the magnesium stearate. This rapid mixing is attributed to 
the convective mechanism of mixing. In contrast, when the magnesium stearate was 
added through the Right-Side loading configuration, the number of revolutions required 
for mixing was longer. With the initial revolutions, a significant amount of magnesium 
stearate will remain within the right arm of the V-shell as the particle motion is mostly 
vertical with only a small fraction moving across the axis of symmetry into the other arm 
of the V-shell. With each revolution, more magnesium stearate is transferred between the 
arms and then combined with axial convective mixing is approximately uniformly 
distributed by 9 revolutions. The very low value of 2 revolutions for the Left-Side 
loading configuration was misleading. With the first revolution, all the magnesium 
stearate contacts the surface of the lid, creating a layer on the lid that affects subsequent 
measurements. This can occur with the other configurations but would not have as large 
of an impact. To minimize signal error associated with magnesium stearate coating the lid 
of the mixer, it is recommended to utilize the middle loading configuration as it provides 
the axial configuration for effective mixing while preventing the magnesium stearate 
from directly impacting and coating the shell lid. Measured vibrations were supported 
through visual observation by using a clear, acrylic V-shell. 
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The trials with the different fill levels of glass beads indicated that fill level affects the 
free fall motion of the particles which in turn would affect convective mixing. This was 
confirmed with the trials adding magnesium stearate in different loading configurations 
for different fill levels. For example, with a Top-Bottom loading configuration, the 
number of revolutions required for mixing increased from about 4 to 8 (Figure 4.8). The 
effect of fill was even more pronounced for the Right-Side loading configuration (Figure 
4.9). With increasing fill level, particle motion across the axis of symmetry becomes 
restricted. When increasing the fill level from 23-43 % fill by volume, the particle bed 
was raised from approximately 19 cm to 14 cm to where the two arms of the V-shell are 
joined and determines the space at which particles can cross the axis of symmetry and the 
height at which particles fall to collide with the lid (Figure 4.11). This restriction in space 
can have adverse effects by limiting axial dispersion (axial loading configurations rely 
on) and convection (radial loadings rely on) within each arm of the V-shell corresponding 
to longer mixing times or revolution number and smaller signal amplitudes measured by 
the sensor. 
 
Figure 4.11: V-blender schematic of increased powder bed height from 23 to 43 % 
by volume 
A comparison of an axial versus a radial loading configuration in Figure 4.10 confirms 
the significant effect of loading configuration on mixing time (or number of revolutions). 
Mixing occurs faster for axial than for radial loading configurations. 
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4.5 Conclusions 
Passive measurements of vibrations created by particle movement in a V-blender were 
measured using an accelerometer attached to the lid of the V-shell. The measured 
vibrations showed that the optimum fill level to promote effective convective mixing was 
21-23 % by volume. The measurements also showed that axial loading configurations 
required less mixing time or number of revolutions compared to radial loading 
configurations. Magnesium stearate flakes adhere to the surface of the particles during 
mixing, altering the properties of the particles and making collisions less elastic. This 
alteration allows vibration measurements the potential for monitoring mixing of 
magnesium stearate and identification of a mixing end-point. Ideally, magnesium stearate 
should be mixed just until a desired uniformity is reached as overmixing has many 
negative effects. Inline monitoring of magnesium stearate mixing would lead to improved 
control of the mixing process. 
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Chapter 5  
5 Monitoring Lubricant Addition in Pharmaceutical Tablet 
Manufacturing through Passive Vibration 
Measurements in a V-blender 
Publication status:  A version of this chapter is to be submitted for publication 
in Powder Technology. 
5.1 Introduction 
Oral solid dosage pharmaceuticals, particularly tablets are the preferred dosage method 
due to convenience for consumers and ease of manufacturing. In solid dosage 
manufacturing, particle properties are determined within and between each stage of the 
manufacturing process. Differences in particle size, density, shape, and surface 
morphology of the ingredients can ultimately affect the final tablet properties and must be 
monitored and controlled to ensure production of tablets with uniform weight and 
consistent, reproducible properties. 
The final mixing step is critical to ensure specified tablet properties. A lubricant is added 
prior to tablet compression to ensure the tablet is ejected from the press smoothly without 
sticking or breakage. The lubricant decreases friction between the tablet surface and the 
die wall. This is achieved most commonly through a boundary lubrication mechanism 
(1). In boundary lubrication, lubricant particles form layers between surfaces and 
interfaces of the excipients and the tablet die. Magnesium stearate is the most common 
boundary lubricant and is used since it has a high lubricant efficiency, is inexpensive, and 
chemically stable (2). It has been proposed that magnesium stearate first fills cavities in 
surface irregularities of granules before forming a semi-continuous layer on the surface of 
the granules (2,3). This in turn makes granules smoother and more regular shaped 
decreasing contact area. The reduction in contact points of granules and the tablet press 
die allow for tablets to be ejected smoothly. 
Lubricants are usually added using a tumbling mixer such as the V-blender. A V-blender 
is composed of a shell with two arms connected at angles ranging from 75-90° and 
mounted on a rotating axle. The V-blender relies on gravity to provide effective 
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incorporation of the magnesium stearate, while preventing attrition and breakage of 
granules. Gravity driven mixing can cause trajectory segregation which can lead to 
variation within tablet weight uniformity (4-6). Large differences in particle size, density, 
and distribution width from the granulation stage cause heavier, more dense particles to 
fall faster within the mixer and separate from their smaller or lighter counterparts. 
Material flow into the tablet press is then preferential to larger particles resulting in 
differences in tablet weight and content uniformity. Segregation is also experienced in the 
primary sampling methods through thief probes leading to non-representative samples 
and misleading results (7-10). Segregation is more likely to occur with free-flowing 
particles, a primary function of particle size and shape (11,12). As lubricants improve 
flowability (3,13,14), mixtures are more susceptible to segregate during lubricant 
addition. In addition to contributing to segregation, particle size also affects tablet 
hardness. Larger particles have a smaller surface area compared to smaller particles 
resulting in less contact points and friction between particles, effectively decreasing tablet 
compressibility and hardness (15).  Particle size and distribution should then be 
optimized to ensure proper lubricant dispersal, minimize segregation effects, and obtain 
tablets with desirable final properties. 
Final tablet properties are affected by lubricant dispersal. Due to its hydrophobic nature, 
magnesium stearate negatively affects dissolution and disintegration time as a function of 
mixing time and concentration (16,17). With increases in concentration and mixing time, 
particles have a more complete coverage of magnesium stearate, increasing particle 
hydrophobicity. In addition, tablet hardness is negatively affected with mixing time and 
magnesium stearate concentration (18-20); due to its ability to reduce contact area, 
particle-particle bonding is decreased with magnesium stearate resulting in brittle tablets. 
It is then critical to optimize lubricant concentration and mixing time, as magnesium 
stearate is only effective in small amounts and magnesium stearate layers are difficult to 
disrupt once formed (13,19). 
To monitor, control, and optimize pharmaceutical mixing processes, process analytical 
techniques (PAT) are being developed. PAT include systems that implement sensors to 
monitor and detect changes real time in manufacturing processes with the aim of 
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increasing product quality and efficiency while removing issues associated with 
extractive sampling (21). PAT to determine uniformity and homogeneity within mixing 
include near infrared spectroscopy (NIR) (22-24), Raman spectroscopy (25-27), magnetic 
nuclear resonance imaging (MRI) (28-30), and radioactive tracers (31-33). More recently, 
passive acoustic emissions or passive vibration measurements have been developed and 
investigated as they are completely non-invasive, non-destructive, and have a lower 
capital cost compared to other methods (34). 
Vibrations from acoustic emissions within mixers are created due to particle-equipment 
and particle-particle collisions and are responsive to a variety of process changes. Crouter 
and Briens characterized acoustic vibrations in a V-blender filled with sugar spheres. 
Particle size, mixer scale, and mixer fill level all affected measured vibrations due to 
changes in momentum and mass (35). In addition, it was determined that moisture affects 
signals directly through changes in mass, and indirectly through changes in flow 
behaviour as shown with wooden beads and granule formulations (36). The differences in 
produced vibrations due to differences in particle properties can allow for the direct 
monitoring of mixing processes. Allan et al. recorded acoustic vibrations in a convective 
blender when mixing aspirin into Avicel. The impeller speed and particle mass affected 
measured signals. It was found that the signal increased and approached a plateau as the 
mixture became more homogenous (37). 
Preliminary research has been conducted to monitor lubricant addition using acoustic 
vibrations. Crouter and Briens monitored magnesium stearate dispersal in sugar spheres 
and granule formulations in a tumbling V-blender (38). Measured vibrations decreased as 
the magnesium stearate became incorporated into the sugar spheres. Lubricant dispersal 
was more difficult to monitor with the granule formulations, but became more distinct 
with increasing amounts of magnesium stearate. Cameron and Briens monitored and 
assessed mixing performance of magnesium stearate into glass beads in a V-blender (39). 
It was found that axial loading configurations and increased fill levels inhibited mixing 
performance. Lubricant addition is a complex function of V-blender mixing mechanisms, 
particle properties, flow, and lubricant properties as outlined by the literature. Due to lack 
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of research and complexity, further process knowledge and optimization of monitoring 
methods is required.  
This study aims to further evaluate passive vibration measurements as an inline 
monitoring method for lubricant addition to pharmaceutical granules varying in size and 
distribution properties. The results obtained can then detect particle properties and 
changes in mixing in real time and, with incorporation into a process control system, 
shows that the method has the potential to increase manufacturing efficiency. 
5.2 Materials and Methods 
5.2.1 Particles 
Glass beads (Propper) with diameters of 1, 2, and 3 mm were used as model particles in 
selected comparison trials. 
Granules were prepared using a Niro Pharma Systems PMA high shear granulator in 1.5 
kg batches. The impeller and chopper speed were constant at 700 and 1000 rpm during 2 
minutes of dry mixing of excipients, 8-10 minutes of water addition (12 mL/min), and 2-
3 minutes of wet massing.  The formulation composition is listed in Table 5.1. Granules 
were tray dried at 24 °C for 24 hours to ensure that the moisture content was below 2 wt 
% as measured by a Mettler-Toledo HG63 halogen moisture analyzer. 
Table 5.1: Granule formulation composition 
 
Supplier 
 
Particle 
Quantity 
(wt %) 
Alfa Aesar Mannitol 57 
FMC Biopolymer Avicel (MCC) 36 
Shin-Etsu Chemical Co. Pharmacoat 603 (HPMC) 5 
Alfa Aesar Croscarmellose Sodium 2 
Granules were intentionally under and over granulated to obtain batches that were 
categorized as small, medium, and large relative to one another in size. The size 
distributions of the granules were determined by sieving using standard sieve sizes 
ranging from 300 µm to 6.3 mm. To investigate the effect of large particles within a 
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distribution on the measured vibration amplitudes, particles were combined to make 
composite batches with asymmetrical particle size distributions. The asymmetry was 
characterized through the skewness, defined as: 
𝑠𝑘 =  
𝑛
(𝑛−1)(𝑛−2)
∑ (
𝑥𝑖− ?̅?
𝑠
)
3
        (eq. 5.1) 
where n is the number of sieved fractions in a particle batch, x̅ is the average particle 
batch diameter, and s is the particle batch standard deviation (40). The properties of the 
particles are summarized in Table 5.2. The particle size distributions are provided in 
Figures 5.1-5.4. 
Table 5.2: Particle properties 
Batch 
Label 
Particle Type Particle 
Density 
(g/cm3) 
Particle 
Sphericity  
(-) 
dp50  
 
(mm) 
sk  
 
(-) 
GR1 Under granulated 0.7  
 
~ 0.7 
0.84 1.0 
GR2 Optimal Granules 1.5 1.13 0.7 
GR3 Over Granulated 1.3 3.42 0.5 
GR4 Granule composite 1 1.6 1.28 1.5 
GR5 Granule composite 2 1.0 1.9 1.7 
GS1 Small glass beads 2.5  
 
~ 1 
1 0 
GS2 Medium glass beads 2.5 2 0 
GS3 Large glass beads 2.5 3 0 
GS4 Glass composite 1 2.5 1.75 -5.1 
GS5 Glass composite 2 2.5 2.25 5.1 
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Figure 5.1: Glass beads size distribution 
 
Figure 5.2: Composite glass beads size distribution 
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Figure 5.3: Granules size distribution 
 
Figure 5.4: Composite granules size distribution 
5.2.2 V-blender and Mixing 
Trials were conducted in an 8 Qt (7.6 L) stainless steel Patterson-Kelly V-blender 
rotating at a fixed speed of 25 rpm. The V-blender was filled to 25 % of its working 
volume with granules or glass beads. Magnesium stearate (Alfa Aesar) was loaded in a 
uniform layer on top of the granule bed, for the specified amount of 1, 2, 5, or 10 wt %.  
Solids were mixed for 125 revolutions (5 minutes) within the V-blender. 
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5.2.3 Sensor and Data Acquisition 
Vibrations were measured and recorded using a PCB Piezotronics accelerometer (model 
353B34) with a frequency range of 0.35-12,000 Hz combined with an ICP signal 
conditioner (model 480E09). The accelerometer was securely attached to the left V-
blender lid using adhesive wax at a radial position of r/R = 0.74 (Figure 5.5). Signals 
were captured at an acquisition frequency of 40,000 Hz using Labview 8.5 with a 
National Instruments DAQ-6036E card. To focus on particle-lid collisional vibrations, 
background oscillations resulting from the motion of the shell were removed using a 
multilevel wavelet filter based on a 6 tap, high pass, Daubechies wavelet decomposition 
filter (41). Data analysis was performed in MATLAB.  
 
Figure 5.5: V-blender with accelerometer location and axis of rotation 
5.2.4 Coefficient of Restitution 
The coefficient of restitution was estimated using individual glass bead and granule drop 
tests. Glass beads and granules were dropped onto the supported V-blender lid (3.1 mm 
in thickness) from a height of 11.1 cm. The accelerometer was attached to the V-shell lid 
and vibrational amplitudes recorded. Trajectories of granule drops were recorded using a 
high-speed camera. Each trial was repeated for a total of 15 times. The coefficient of 
restitution was determined using the time between successive peak amplitudes as 
particles rebounded as measured by the accelerometer and the particle rebound height as 
measured by the high-speed camera.  
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5.2.5 Particle Surface Morphology 
Scanning electron microscope (SEM) images of granules and glass beads were taken 
using a Hitachi SU8230 Regulus Ultra-High-Resolution Field Emission scanning electron 
microscope. Particles were mounted on a plate using carbon adhesive discs before 
analysis. For particles with excessive amounts of magnesium stearate, conductive carbon 
paint was used for mounting. Images allowed for surface morphology of the particles to 
be examined to determine differences before and after mixing with increasing amounts of 
magnesium stearate.  
5.3 Results 
As the V-blender shell rotates, solids motion within the shell results in particle-particle 
and particle-equipment collisions producing vibrations which are measured by the sensor. 
Related to solids motion within the V-blender, three features were observed: Feature 1 
corresponds to vibrations created by particles colliding with the V-shell lid upon 
inversion of the shell, Feature 2 is related to vibrations due to particles sliding along the 
shell wall, and Feature 3 is produced when particles recombine and impact the bottom 
plate (Figure 5.6). Since Feature 1 is the most distinctive and revealed the most process 
information (36,38,39), only Feature 1 vibrations were reported. 
 
Figure 5.6: Filtered signal of medium granules (GR2) related to particle motion 
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Particles were added to the V-blender at a fixed working volume of 25 %. Unmixed 
particles were tumbled in the V-blender for 20 revolutions and vibrational amplitudes 
recorded to create a baseline mean with a corresponding standard deviation of Feature 1 
amplitudes. Magnesium stearate at 1 wt % was then added and mixed with the granules 
or the glass beads. Vibrational measurements were recorded for the duration of mixing 
(Figure 5.7). Feature 1 signal amplitudes were initially high at the baseline mean and then 
began to decrease as the magnesium stearate was incorporated into the bed of particles. 
The measured vibrational amplitudes continued to decrease until the amplitudes 
approached a relatively stable plateau indicating a mixing end-point at approximately 5 
revolutions for the 2 mm glass beads (GS2) and 25 revolutions for the medium granules 
(GR2). 
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Figure 5.7: Feature 1 amplitudes of a) 2 mm glass beads (GS2) and b) medium 
granules (GR2) mixed with 1 wt % MgSt 
The glass beads and the granules were then mixed with increasing amounts of 
magnesium stearate. The results were similar to the mixing profiles obtained with 1 wt % 
magnesium stearate: the vibration measurements decreased to an approximately stable 
plateau that allowed a mixing end-point to be identified. With increasing magnesium 
stearate amounts, the magnitude of the end-point vibrational amplitudes decreased. 
Although the vibrational amplitudes of the unmixed glass beads and granules were very 
different, when mixed with more than 2 wt % magnesium stearate, the measured 
amplitudes became very similar as shown in Figure 5.8.  
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Figure 5.8: Feature 1 end-point signal amplitudes of a) 2 mm glass beads (GS2) and 
b) medium granules (GR2) mixed with 1 - 10 wt % MgSt; ± 1 standard deviation 
SEM images were taken to visualize the interactions of the magnesium stearate with the 
particles (Figure 5.9). The uncoated granules were irregularly shaped with many surface 
asperities. Magnesium stearate particles began to fill surface irregularities before 
adhering to the other surfaces of the granule thereby creating a particle with an overall 
more uniform and smoother surface with increasing amounts of magnesium stearate. 
Glass beads were smooth and spherical. With the introduction of magnesium stearate, 
magnesium stearate particles adhered to the surface of the glass beads. With increasing 
amounts of magnesium stearate, the magnesium stearate layer become more uniform and 
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complete, forming a near continuous layer between 2 and 5 wt %. Beyond 5 wt %, the 
magnesium stearate layer was complete and began to increase in thickness.   
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Figure 5.9: SEM images of glass beads and granules mixed with increasing amounts 
of MgSt 
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Glass beads of 1, 2, and 3 mm diameters (Figure 5.1, Table 5.2) were mixed with 2 wt % 
magnesium stearate. As shown in Figure 5.10, the measured signal amplitude and its 
variation increased with particle size. In addition, the mixing end-point also increased 
with particle size from about 2 revolutions for the 1 mm glass beads to about 6 
revolutions for the 3 mm glass beads. 
Granules were under and over granulated to vary the average particle diameters as shown 
in Figure 5.3 and summarized in Table 5.2. These granule batches were then mixed with 
2 wt % magnesium stearate and their vibration measurements recorded (Figure 5.10). As 
with the glass beads, the measured amplitude and its variation along with mixing end-
point increased with increasing particle size for granule batches. For the batch of large 
granules (GR3), the variation in the measured amplitudes was large enough that a mixing 
end-point could not be easily and reliably identified.   
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Figure 5.10: Effect of increasing average particle diameter on granule and glass 
beads mixed with 2 wt % MgSt 
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The size distribution was varied by creating composite batches of particles. These 
composite batches are shown in Figures 5.2 and 5.4 and summarized in Table 5.2. The 
composite batches were mixed with 2 wt % magnesium stearate and the measured 
vibration profiles compared to either the 2 mm glass beads or the medium sized granules 
(Figures 5.11 and 5.12). Signal amplitudes and variations increased as the fraction of 
larger particles in the distribution was increased as indicated by positive large skewness 
numbers. For a granule distribution containing a large fraction of large granules (GR5 
with sk = 1.7), the scatter in the measured vibration amplitudes made it difficult to 
reliably and easily identify a mixing end-point. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
101 
 
 
 
 
Figure 5.11: Effect of size distribution properties on glass beads mixed with 2 wt % 
MgSt 
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Figure 5.12: Effect of size distribution properties on granules mixed with 2 wt % 
MgSt 
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Average end-point signal amplitude values and standard deviation of each mixing trial 
were compared (Figure 5.13). For glass beads, the average amplitudes and standard 
deviation were assessed for the last 25 revolutions (1 min) of 50 revolutions (2 min) 
mixing trials. For granules, the average amplitudes and standard deviation were assessed 
for the last 50 revolutions (2 minutes) of 125 revolutions (5 min) mixing trials. The signal 
amplitudes and corresponding standard deviations both increased with average particle 
size. The composite batches were influenced by the large particles within their 
distribution, but the large particles did not completely dominate the measured signal as 
the measured amplitudes of the composite batches did not equal those of the large particle 
batches (GS5 vs. GS3 and GR5 vs. GR3). 
 
 
Figure 5.13: Average end-point signal amplitude of glass beads and granules; ± 1 
standard deviation 
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The coefficient of restitution was measured for the 2 mm glass beads (GS2) and medium 
sized granules (GR2) before and after mixing with 1 wt % magnesium stearate. The 
coefficient of restitution decreased with the introduction of magnesium stearate for the 
glass beads but was difficult to measure for the granules as shown in Table 5.3.  
Table 5.3: Coefficient of restitution of glass beads and granules 
 Particle Type 
MgSt Concentration 
(wt %) 
Glass (GS2) Granule (GR2) 
0 0.69 ± 0.048 < 0.2 
1 0.57 ± 0.085 < 0.2 
5.4 Discussion 
Due to the inherent geometry of the V-blender, particle motion can be separated into two 
distinct phases: the separation phase as the V-blender inverts from 0 - 180°, and the 
recombination phase from 180 - 360° in motion. As particles collide with one another and 
the V-shell itself at each phase of motion, kinetic energy is transferred through 
propagating vibrations which are recorded by the accelerometer, producing three distinct 
features, as shown in Figure 5.6. 
Feature 1 arises when the V-blender is completely inverted, forcing particles to separate 
into both arms of the V-shell, impacting each lid of the V-shell. Here, particles fall long 
distances impacting the lids at high velocities and high kinetic energies. Upon impact, 
stress waves propagate through the lids creating vibrations measured by the 
accelerometer that is attached to the one lid. Attenuation is minimized as the transmission 
distance from impact to the accelerometer is short resulting in large measured vibrational 
signal amplitudes. 
Feature 2 vibrations are created in the intermediate phase of motion between the upright 
and inverted positions of the V-shell, due to the sliding and rolling motion along the side 
of the V-shell wall. Particles still impact the V-shell, however, at low velocities as 
particle motion is impeded by the bulk mass. In addition, vibrations are significantly 
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attenuated as vibrations must travel up the shell wall before reaching the accelerometer 
attached to the lid resulting in low measured amplitudes. 
Feature 3 vibrations occur when the V-shell is fully upright, where particles recombine 
and collect at the bottom of the V-blender, impacting the bottom of the V-shell. Similar 
to Feature 1, the particles fall at large trajectories and high velocities; the corresponding 
measured signal should be large; however, the signals are significantly attenuated. The 
vibrations must propagate first through a rubber gasket attached to the bottom of the V-
shell, up the sides of the shell before reaching the lid. In addition, due to the geometry of 
the V-shell, the bulk mass of particles impacts the shell wall rather than the bottom plate, 
resulting in additional energy loss due to the non-normal component at the inclined 
surface into the V-shell wall. As Feature 1 vibrations were most distinctive and revealed 
the most information about particle behaviour (Figure 5.6), only Feature 1 was 
considered for further analysis.   
The measured Feature 1 vibrations are significantly dependent on the mechanisms of 
energy dissipation to the accelerometer. When a particle impacts the lid of the V-shell, it 
elastic-plastically deforms. As no fractures or breaks were visible after drop tests, it was 
assumed that impact velocities did not exceed the critical yield stress of the particles. 
Upon impact, most of the kinetic energy of a particle was dissipated through stress wave 
propagation in the form of vibrations which were directly measured by the accelerometer. 
A portion of the energy was retained by the particle which can be estimated by the 
coefficient of restitution.   
Conventionally, the coefficient of restitution is measured through individual particle drop 
tests and recording the height of rebound and energy upon impact to model energy loss. 
The coefficient of restitution of the glass beads was relatively easily measured using this 
method, approximately 0.7 for unmixed glass beads. However, for non-spherical 
granules, based on visual observations, upon impact they rotated and rolled, and the 
coefficient of restitution was difficult to measure (42). As well, due to their relatively low 
density and mass, the recorded dissipated energy of individual granules was small. This 
implies that the rotational energy of the granules was much greater than the stored elastic 
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energy resulting in a very low coefficient of restitution (< 0.2). Since glass beads have a 
much higher coefficient of restitution, collisions with glass beads are much more elastic 
than granules, with glass beads retaining most of their energy after impact with the V-
shell lid. In addition, as glass beads have a higher density than granules, the measured 
vibrations for glass beads are also much higher.  
With the addition of magnesium stearate, the magnesium stearate particles began to 
adhere to the glass beads or granules. For the smooth glass beads, the magnesium stearate 
particles immediately started to form a layer that became more uniform and complete, 
becoming thicker with the addition of even more magnesium stearate (Figure 5.9). For 
the granules, the magnesium stearate first began filling nay surface irregularities before 
starting to form a layer around the granule. The layer of magnesium stearate around the 
particles for both glass beads and granules altered the particle surface properties, making 
collisions more inelastic, where energy was dissipated into the magnesium stearate layer. 
This is reflected in the coefficient of restitution of unmixed and lubricated glass beads, 
where the coefficient of restitution decreased from approximately 0.7 to 0.6. The energy 
available and dissipated as vibrations was lower with corresponding lower measured 
vibrational amplitudes (Figure 5.7). 
With mixing, the magnesium stearate particles become dispersed into the bed of glass 
beads or granules and the layer of magnesium stearate on a given individual particle 
becomes more complete and uniform. More energy is dissipated into this magnesium 
stearate layer upon collision and the measured vibrational amplitudes continue to 
decrease. The measured vibrational amplitudes reached approximately stable values when 
the magnesium stearate was completely dispersed into the particle bed and formed a layer 
around particles. The mixing time or shell revolution number at which the measured 
vibrational amplitude becomes approximately stable is therefore considered an optimal 
mixing end-point and can be identified through passive vibrations (Figure 5.7). 
Figure 5.7 shows some differences in the amplitude profiles for the glass beads and 
granules. The optimal mixing time for the glass beads was significantly lower than the 
time for the granules. The magnesium stearate particles first start to fill any surface 
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irregularities before forming a layer around the granules (Figure 5.9). This dispersion 
takes a significant amount of mixing time to allow for the magnesium stearate particles to 
transfer between particles. In contrast, for the glass beads, the magnesium stearate layer 
begins to form on the particles immediately and dispersion happens readily through 
particle-particle contact (Figure 5.9). As shown in Figure5. 7, the optimal mixing time 
with 1 wt % magnesium stearate for medium sized granules (GR2) was about 25 
revolutions compared to 5 revolutions for the glass beads (GS2).  
Figures 5.7, 5.8, and 5.10 also indicate that the measured amplitudes of the unmixed glass 
beads were much higher than the amplitudes of the unmixed granules. This difference 
reflects the higher density of the glass beads. The kinetic energy of a glass bead just 
before collision with the V-shell lid was higher than a granule resulting in more energy 
dissipated as vibration (35) and therefore higher measured amplitudes.  
Figure 5.8 indicates that the measured vibration amplitudes of the glass beads and 
granules completely mixed with magnesium stearate were similar for magnesium stearate 
concentrations above 2 wt %. This indicates, that upon collision, a significant amount of 
energy is dissipated into the magnesium stearate layer, having only small amounts 
retained by the particles and dissipated as vibrations. The relative amount dissipated into 
the magnesium stearate layer of the glass beads is larger than for granules as the layer 
would be more complete, uniform, and thicker as all magnesium stearate particles would 
contribute to the layer formation without a need for first filling surface asperities (Figure 
5.9). The decrease in measured amplitudes from unmixed to completely mixed with 
magnesium stearate was therefore larger for glass beads than granules.  
Figures 5.7, 5.8, and 5.10 indicate that measured vibrational amplitudes are significantly 
affected by particle size. Figure 5.10 indicates further differences between the glass beads 
and granules, which were attributed to particle size and property distributions. The glass 
beads were almost spherical and mono size (Figure 5.1) with a constant particle density 
of 2.5 g/cm3. The low signal amplitude plateau indicating adequate mixing of the 
magnesium stearate into the bed of glass beads was almost constant and with little 
deviation thereby allowing the optimal mixing end-point to be easily identified. As 
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shown in Figure 5.3 and summarized in Table 5.2, for the granules, there was always a 
distribution of sizes and properties.  
The small, medium, and large sized granule batches were created by granulating for 
different times. In high shear granulation, granule growth and development relies on 
coalescence through collisions, attrition, and further collisions also promoting 
consolidation and densification. Stopping the granulation early resulted in small sized 
granules that had relatively low densities due to shorter times for consolidation and 
densification. Stopping the granulation at the expected end-point produced granules with 
a mean diameter of about 1 mm and larger density of 1.5 g/cm3. Overgranulation 
produced larger granules with a density of about 1.3 g/cm3, very close to the density of 
the medium sized granules. Figure 5.10 shows significant differences in measured 
vibrational amplitudes for the small, medium, and large granules. For the small and 
medium sized granules, the measured amplitudes were initially high and then decreased 
with the introduction of the magnesium stearate. Mixing end-points could be identified at 
about 17 and 22 revolutions for the small and medium granules, respectively. The 
overgranulated batch had a wide distribution of sizes and with many large granules over 3 
mm (Figure 5.3). The measured signal amplitudes were high, as expected. However, 
identification of a mixing end-point was almost impossible as the scatter in the 
amplitudes was significant.  
Figure 5.10 also indicates that the mixing time increased with particle size. For the glass 
beads, it increased from 2 to 4 to 6 revolutions as the size increased from 1 mm to 2 mm 
to 3 mm in diameter. For the granules, it increased from 17 for the small sized batch 
(GR1) revolutions to 22 revolutions for the medium sized batch (GR2). Small particles 
have a large surface area which provide more contact opportunities that allow the 
magnesium stearate flakes to adhere to the particles and transfer between particles for 
dispersion (39), resulting in lower required mixing times. 
To further investigate the effect of large particles within a distribution on the measured 
vibration amplitudes, batches were combined to make composite batches with 
asymmetrical particle size distributions. The composite batches are shown in Figures 5.2 
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and 5.4 and are summarized in Table 5.2 including estimates of the skewness. Larger 
positive skewness values indicate the greater the fraction of large particles in the batch. 
Figure 5.11 shows the effect for glass beads of incorporating more 3 mm beads into the 
batch on the measured signal amplitude. The measured amplitude, the optimal mixing 
time, and the scatter in amplitudes of the composite batches increased. The effect of the 
addition of large particles was even more pronounced for the granules, as shown in 
Figure 5.12. For the granule batch with a skewness of 1.7, a significant fraction of 
granules were larger than 2 mm. The measured signal amplitudes decreased with the 
introduction of magnesium stearate, but low and stable amplitudes were not observed 
even after mixing for extended times and an optimal mixing end-point could not be 
reliably identified.  
Particle segregation based on size can occur as particles tumble in the rotating V-shell 
due to a trajectory segregation mechanism. Air drag during free fall has a larger effect on 
small particles compared to large particles (6). The large particles will therefore reach 
and impact the lid first and with high velocities and kinetic energies resulting in 
dissipation of large vibrations leading to large measured amplitudes by the accelerometer 
attached to the lid. Small particles fall with lower velocities and may not impact the lid 
directly, but the layer of large particles now resting on top of the lid. The measured 
vibration amplitudes from these smaller particle collisions will be low due to the lower 
energy available for dissipation and attenuation through the particle layer to the lid with 
attached accelerometer. As shown in Figure 5.6, there is a window with fluctuations in 
the signal amplitudes that contribute to Feature 1. The information extracted from Feature 
1 was the average of three largest amplitudes. This information has been shown to 
provide information about particle movement with respect to radial versus axial mixing, 
optimal shell loading capacity, fill level, particle size, particle density, moisture, and the 
effect of increasing magnesium stearate amounts on mixing (35, 36, 38, 39). Particles 
with wide size distributions containing significant fractions of large particles may benefit 
from alternative signal analysis to extract more process information from passive 
vibrations of a V-blender. It is noted, however, in practice these size distributions are 
unlikely to be encountered.  
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5.5 Conclusions 
Passive measurements of vibrations created by particle movement in a V-blender were 
measured using an accelerometer attached to the lid of the V-shell for glass beads and 
granule formulations. The measurements showed that glass beads required less mixing 
time compared to granules due to differences in magnesium stearate interactions with the 
surface of the particles. Magnesium stearate alters the properties of particles making 
collisions more inelastic. This alteration allows for the potential of using vibration 
measurements to monitor mixing of magnesium stearate and identification of a mixing 
end-point with changes in particle type, size and distribution, and lubricant concentration. 
Ideally, particles should have an optimal size range and distribution width as segregation 
and particle size can lead to negative effects on tablet strength and weight uniformity. In 
addition, magnesium stearate should be mixed just until a desired uniformity is reached 
as overmixing has negative effects on final tablet properties. Inline monitoring of 
lubricant dispersal would then lead to improved control of the mixing process.  
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Chapter 6  
6 General Discussion and Conclusions 
The final lubricant mixing stage in tablet manufacturing is crucial as it is the last step 
before tablet compression which can directly affect final product quality. A lubricant is 
added to ensure smooth ejection of the tablet following compression. Lubricants are 
mixed typically in a tumbling V-blender in batch stages which are sampled and tested 
offline resulting in a reduction in process efficiency and an increase in manufacturing 
costs. Lubricant addition should be monitored and controlled as overmixing and 
increased concentrations can degrade final tablet quality. To ensure product quality and 
control, process analytical technologies (PAT) can be implemented to increase process 
efficiency, product quality and consistency. However, most of these methods require 
extensive signal analysis or require insertion of probes or windows which disrupt the 
system. Passive vibration measurements can then be used to monitor lubricant addition 
without the limitations of other techniques 
The objective of this work was to evaluate and optimize passive vibration measurements 
monitoring as a PAT for tablet lubricant addition. Previous work has established that 
vibration measurements from unlubricated particles are responsive to a variety of process 
changes and assessed the potential of vibration measurements to monitor lubricant 
dispersal. However, further work was required to understand how process parameters 
affect lubricant mixing performance by i) relating parameters including particle size, 
density, and lubricant concentration to energy dissipation and lubricant coating 
morphology, ii) investigating the effect of lubricant loading configuration and V-blender 
fill level on mixing performance, and iii) investigating the effect of lubricant 
concentration and segregation effects of varying sized granules on lubricant mixing 
profiles.  
Various sized sugar spheres and glass beads were loaded into a V-blender and vibration 
measurements recorded. Three features were identified with one revolution attributed to 
particle motion. Feature 1 produced the most distinctive signals which responded to 
expected trends in process parameters and was chosen for future studies. Magnesium 
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stearate was mixed with particles and monitored. The introduction of magnesium stearate 
made collisions more inelastic decreasing the signal amplitude and the coefficient of 
restitution. With mixing, the signal amplitude decreased with further mixing until a stable 
value was reached indicating a mixing end-point. These findings were congruent with 
SEM images of lubricant dispersal progression. Further increases in lubricant 
concentration reduced required mixing time and lowered mixing end-point signal 
amplitudes as collisions were more inelastic and shearing and delamination of the 
lubricant particles occurred faster. Similarly, changes in particle type resulted in changes 
in mixing profiles. This study gained process knowledge of the mechanisms behind 
lubricant addition in coating morphology and energy dissipation as measured by the 
accelerometer. It also demonstrated the potential of vibration measurements to monitor 
lubricant addition for a variety of process parameters.  
Since V-blenders possess inherent mixing mechanisms that can affect mixing 
performance, the effect of lubricant loading configuration and blender fill level on mixing 
performance was investigated to optimize lubricant addition. Glass beads were loaded 
into a V-blender at various fill levels and mixed with magnesium stearate loaded in 
various axial and radial loading configurations. Vibration measurements were recorded 
throughout the duration of mixing to monitor the process. Mixing time was reduced for 
axial loading configurations as the V-blender has a dominant convective mixing 
mechanism. Vibration measurements increased at lower fill levels, and decreased at 
higher fill levels, indicating an optimal fill level at 21 – 23 vol %. The results 
demonstrated that lubricant addition can be monitored and optimized with axial loading 
configurations and 21 – 23 vol % fill level as measured through passive vibrations.  
Knowledge from previous studies was applied to monitor lubricant addition with granule 
formulations to simulate industrial conditions. Vibration measurements were used to 
monitor lubricant dispersal to investigate the effect of particle size, particle size 
distribution, and lubricant concentration on mixing. Signal amplitude increased with 
particle size due to changes in momentum. An increase in particle size resulted in a 
longer required mixing time due to an increased surface area to volume ratio. An increase 
in lubricant concentration effectively lowered the mixing end-point signal amplitude. 
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Changes in particle size distribution were reflected in changes in both signal amplitude 
and variation. In segregated mixtures, the signal was more responsive to larger particles 
due to trajectory segregation. These findings were supported by trials with glass beads. 
This study demonstrated the potential for passive vibration measurements to be 
implemented to monitor lubricant addition for common process parameters involved in 
granule formulations. 
The research conducted indicated that passive vibration measurements can be used as a 
potential PAT for lubricant monitoring in tablet manufacturing. This allows for better 
process understanding, control, and optimization. Real-time measurements from the 
sensor would make it possible to monitor, control, and adjust operations accordingly in 
real-time reducing the dependence on offline sampling and testing. Vibration 
measurements monitoring would also allow for detection of mixtures out of specification 
including: segregated mixtures, larger particle sizes, and excessive lubricant 
concentrations. A secondary check would then be in place allowing for further processing 
to meet specifications before tableting resulting in fewer discarded batches. Furthermore, 
vibration measurement monitoring could allow for identification of factors that optimize 
lubricant addition including loading configuration and fill level which would reduce time 
in development and reduce mixing times. 
6.1 Future Work 
The research focused on ideal particles to easily identify and monitor solids flow and 
lubricant coating morphology. The ideal particles were chosen as they were uniform in 
shape and composition. Placebo granules were then used for their similarity to what is 
done commercially. Granules of different sizes were made by different granulation times 
and changes were easily visible resulting in granule sizes that are much larger than 
industry. As demonstrated in the research, smaller particle sizes can be detected by 
vibration measurements, however, further work involving commercially sized granules 
should be conducted to better simulate industry conditions. 
In this research, mixing end-points of mixing profiles of trials susceptible to segregation 
containing large particles were more difficult to identify due to large variations in the 
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signal. The signal analysis method could then be adjusted to incorporate the entire power 
spectrum of the feature rather than the average amplitude of a specified number of peaks 
to reduce signal variation. 
Furthermore, this research should be validated through relating obtained vibrational 
measurements to final tablet properties as lubricant dispersal has a direct impact on final 
tablet quality. Tablets are often characterized by their hardness which can be linked to 
friability and attrition resistance, and dissolution or disintegration time. Both 
characteristics must meet strict regulations and can be affected by particle size and 
lubricant concentration. In addition, traditional spectroscopic techniques should be 
implemented to assess lubricant content uniformity to validate mixing end-points. This 
would further reduce the dependence on offline measurements supporting the commercial 
implementation of vibration measurements monitoring for lubricant addition. 
A preliminary study was conducted and indicated that the vibrational measurements and 
tablet properties were correlated. 
6.1.1 Preliminary Study 
6.1.1.1 Materials and Methods 
6.1.1.1.1 Pellets 
Pellets were made using samples of granules (Chapter 5, GR2) mixed with 1 – 10 wt % 
magnesium stearate. Samples of 350 mg were pelletized using a 2811 Parr Pellet Press 
with a die 6 mm in diameter and 25 mm in length with a compressive force upwards of 
1000 lbs. Pellets were uniform with a diameter of 6 mm and a length of 11 mm. 
6.1.1.1.2 Attrition Resistance 
The method for testing attrition resistance was adapted from the United States 
Pharmacopeia (1). A sample of pellets corresponding to 6.5 g was placed inside a drum 
of 283 mm in diameter. The drum was rotated at a speed of 25 RPM and the tablets were 
tumbled by a curved projection of 76 mm in diameter. The drum was rotated for 100 
revolutions where the pellets were susceptible to collisions with the drum wall or the 
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pellets themselves causing attrition. The samples were then dedusted and reweighed. The 
attrition resistance was expressed as the percent of the mass of pellets after and before 
testing. Trials were conducted in triplicate. 
6.1.1.1.3 Disintegration Time 
The method for the determination of disintegration time was adapted from the Ministry of 
Health of Canada (2). Six pellets were placed inside of a basket assembly consisting of 
six tubes. Perforated plates were found at each end of the tubes with holes 1.7 mm in 
diameter to retain larger pellet material. Plungers attached to the tubes submerged and 
raised pellets in 37 °C water in a repeated motion until no more pellet material was 
retained. The disintegration time was measured from the start of the test to the moment 
that all pellet material passed through the perforated plates. Trials were conducted in 
triplicate. 
6.1.1.2 Results and Discussion 
Vibration measurements amplitudes of granules mixed with 1 – 10 wt % magnesium 
stearate were obtained from Chapter 5 (Figure 5.8 b). These measurements were then 
compared to the attrition resistance and disintegration time of pellets made from the same 
granules as shown in Figure 6.1 and 6.2. 
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Figure 6.1: Vibration measurements and attrition resistance of granules and pellets 
with increasing magnesium stearate 
 
Figure 6.2: Vibration measurements and disintegration time of granules and pellets 
with increasing magnesium stearate 
Both vibration measurements and attrition resistance decreased with increasing amounts 
of magnesium stearate. With the introduction of magnesium stearate to granules, 
magnesium stearate particles fill surface irregularities before adhering to the surface of 
the granules. The magnesium stearate particles alter the surface properties of the granules 
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making collisions more inelastic resulting in less energy being dissipated and transmitted 
into the accelerometer. With increasing amounts of magnesium stearate, the magnesium 
stearate layer on the surface of the particle becomes more complete and uniform, making 
collisions even more elastic resulting in a further decrease in measured vibrational 
amplitudes. Due to its lubricating ability, magnesium stearate reduces contact points and 
friction between granules and the pellet die during compression. Magnesium stearate 
interferes with the compression as it forms a layer so that granules do not bond together 
as well in the tablet resulting in weaker, more friable pellets (3) as measured by the 
attrition resistance. With increasing amounts of magnesium stearate, this effect is 
amplified resulting in further decreases in the attrition resistance.  
With increasing magnesium stearate concentrations, vibrational amplitudes decreased as 
before, however, the disintegration time increased. As magnesium stearate is 
hydrophobic, the introduction of magnesium stearate makes granules and consequently 
pellets less soluble decreasing the time for tablets to dissolve as indicated by the 
disintegration time. With increasing amounts of magnesium stearate, a more uniform and 
complete layer of magnesium stearate is present in the granules increasing the 
hydrophobicity of the contents. This in turn makes pelletized samples more insoluble 
resulting in further increases in the disintegration time. 
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